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Shourter lateral dimeunsfon
Constant
Elastic longitudinal ‘icident wuve displacement ampliti’le
Elastic longitudinal reflected wave ifsplacemept amplitude
Elastic shear reflected wave displacement wmplitude

Elastic longlitudinal refracted wave displacement amplitude
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Longer lateral dimension

Constant

Velocity of propagation of longitudinal wave in mrdiums
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ENGINEERING AN DESIGN -

DESIGN OF UNDFRGROUND iNSTAT LATIONS Iy RuCK ~
TUNNELS AND LININGS 5

L¥IPOIUCTION

2-01 PURPCSE AMD SCOPE. This manual is one of a series issued for the
guldance of eugineers in the deciga of underground installations i rock.

It is applicable to all elements of the Corps of Engineess who may be con- ,
cerned with the desiga und cunsiruction of underground militury installa- -
tions. C(riteria are presented herein, and in the related manuala of this )

series, relative to the protection against weapons : ¢ mwlern warfare

"atforded by underground installations in rock. The physical and sconomic

factors involved in new constructicn or the conditioning of existing mines
for storsge purposes and occupancy are discussed. (uidrl: nes have been in-
cluded relative to devices and mcasures that should be taken to meet pro-
tective requirements. ‘

2-02 REFERENCES. Manuals - Corps of Engineers - Engineering and Design,
containing inte:Telated subject matter are listed sz follows:

DESIGN CF U DERGROUND INSTALIATIONS IN ROCK

BM 1110-345-k31 GCeneral Planning Considerations :
FM 1110-345-4%” Tunnels and Linings i .
EM 1110-345-k33 Space Layouts and Excaveticn Methods _ ‘

EM 1110-345-434 Penetration and Explosion Fffects (CONFIDENTIAL) >
EM 1110-345-435 Protective Features and Uti)ities

a. Referencer to Material I{n Other Manusls of This Leries. J. the

taxt of tnis manual ceferecces are made to parsgraphs, flgures, equations,
und tables in the other manuals of this scrie: in accordance with the
number desigratiour es they appear in the.e manuals. The (irst part of the
designation which precedes e¢ither a dash, or & 2e~!mal }2'nt, identir! = a )
varticular manual in the serie: as siiown in the table Yo’lowing.
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B2 ragh 1igare - equation table
1110 345-431 1- 1. (1. ) 1.
1110-345-i132 2- 2. §2. ; 2.
1110-345-533 3- 3. 3 3.
1210-345-434 L (4. ) L,
1110-345-L35 5= 5. (5.} 5.

b. Bibliography. A bibtlicgrepiv 18 given at the erd of esch maaual

in the series. Items in the biblicerep.y are referenced in the text by
numbers inclosed in brackets.

c. List of Symbols. Defiritions of the symbols -useu thrcughout this
.anual are given in a liat followinw rhe table of contents.
2-03 RESCISSIONS. This manual is a reissue of material conteined in an
Engineering Manusl on Dcsisu of Uuderground Installations in Rock (13 chap-
ters), dated March 1957, prepared for the Ccrps of Engineers, U. S. Army,
by Bureau of Mines, U. S. Department of Interior.
2-04 MANUAL PREPARATICN. The manuals of this series were developed
through collaboration of & number of organizations. The Corps of Engineers,
U. S. Amy, initiated the work and ocutlined the sccpe of the meuual. Data '
frocm the underground explosion test program, underground site surveys, and
informaticn grined in the Fort Ritchie project and other constructicn were
furnished to the Bureau of Mines, Department of the Interior, who assumed
the responsibility of compiling the manuals. They, in turn, contracted for

preparation of certain material by organizations haviyg spcclal competence
in the various fields covered. The work of preparation was as follows:

EM 1110-345-431 Genersl Planning Considerati~ns. Prepared by
Missouri School of Mines and Bureau of Mip<s,
U. S. Cepartment of Interior.

EM 1110-345-432 Tunnels and Linings. F.epared by the Bureav - *
Minee, U. S. Department of Interior; and the
Rensselaer Polytechnic Institute. .

EM 1110-34¢-433 space Layouts and ..:cave'ion Methods. FPrepared by
E. J. Lorgyear Company, Minneapolis, Minnesota.

EM 1130-345-434 Penetration and Explosioca Yirects (CONPIDEN"TAL)..
Ergineer fesearch Assoclates.

FM 1110-345-435 Protective Peatures and tilit¢ra. Prepared by
Lehigh university; bureau of Mines, U. S. Departmcnt
of Interior; and the Corps of Figineers, U. 3. Ay
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2-05 GiiiiAL. All undergre'nd roos, as a result of nature, is in a stale
nf stress, and any opening created in "“is recck produces additlonel
stresses in the rock surrounding tie opening. Whether or sot tve opening
is stable devends upon the strength o™ the rcev in situ and the magnivude
of stresses around the opening. Before deciening underground installations
for protection against Lombins v ts first necessary o design urdersround
openings which are stuble under the stati: stresses in the aurr~minding
rock. In this manual paragrephs 2-06 through 2-29 consider the desigr of

undersround cpeaing for static stability couly, and the design problems

considered are rcsuricted to those rock types which are capable chSustain—_

ing openings without suppor®*. Lined structures which are capable of sus-
taining both static wu dynamic forces with the use of artificial auppoft
such as linings, roof bolts, sets, etc., are discussed in paruagraphs 2-30
through 2-50. -

Mine desigu has been based generally upcn erperience and trial-and-
error methods. In recent years a more qnantitative approach tr mine design
problems, tased upon stress theory, has been uced with conisiderable suc-
cess. The factors that limit this quantitative approach are the 1rreguf
larity of the boundaries of the openings, the compiexity of' the system of
openings, the heterogeneity of the rock, a lack of knowledge of the
strength of the in-situ rock, and a lack of knowledge cf the state oi
stress in the rcck prior to mining. However, by making rcasonable asaum -
tions, approximate solutions to various mine desigz problems have been ob~
tained. Illumerous investigators during the last twenty years have contridbe~
uted to the development of the quantitative approach to mine design prob-
lems. Examples of the type of problems considered and the soluvtions ol=
tained by many of these investigators caa be found in referencee (1, 2, 3,
h,»s, 10, 16, 19, 23, 2%, 25] given in the bibliography at tae end of this
manual. These refcrences cover most of the design problems considered in
tne manual.

The Applied Physics Laboratory, Buresu of Minel,'U. 3. Departmunt of
the Interior, has been active in the field of undergrcvnd mine desiyn fx -
many years and has had opportunitier .o apply quantitative methods to mire
astructure problems. Theoretical mine designs sie checked in the field by

3
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experimental rcom techniques, &s acecrived in reference {15]. The mine 0
design methcds presented in this manual have been used in praciice at one
time or another, and found to give rea@onable results.

ASSUMPTIONS USED IN TUNNEL DESIGN

- 2-06 NECESSITY FOR ASS\MPTIONS AND SAFETY FACTORS. Because the problem of
designiuy safe and stable underground installatic-< is complicated by masy
factors, simplifying assumptions regarding the openings. rock properties,
state of stress, and criteria of failure, are necessary. These assumed
condivions are only approximated by openings in rock; therefore, large
safety factors in all design equations are reguired.

2-0T7 ASSUMPTIONS RECARDING OPENINGS. The opening or system of openings is
assumed to be in an infinite medium--a condition that i& justified when the
distance between tne system of openings and the exterior boundary of the
medium is greater than three times the size of the openings.

The openings are assumed to te simple geometric shapes, tiat is,
openings having nearly equal dimensions, such as stopes, are respresented by .
spheres or oblate and prolate spheroids. The cross-sectional shapes of
adits, drifts, shafts, tunnels, crosscuts, etc., which are long compared te
their cross-sectional dimensions, are represented by circles, ellipzes,
ovaloids, and rectargles with rouwad:=d corners.

2-08 ASSUMPTIONS REGARDING THE ROCK FORMATIONS. To simplify design prob-

lems, three general types of mediums are considered which arz designated

as follows: (1) isotropic, homogeneous, (2) horizontal bedded, and

(3) 1nclined bedded formations. In all three of the sbove types of . .rma-

" tions, the rock is assumed to be relatively free from mechanical defecta

such as open Jlointing, fractures, etc. W.zn suach defects exist, theiv

effect on the astability of the opening can be estimated ouly by experi-

mental mining, trial-and-error methods of minirg, and froq.previozt_, . o

experience.

a. Isotropic, Homogeneous. Many rnck formations have relutively
unifore physicul propert.ies over large areas and in ell iirections; there-
sure, thay approach “lw couu.tions of an isotroplc, avmogeneous medium.

b ©®
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Typical examples sre massive inirusives such as granite oy diorite, massive
extrusives such as basalt or rhyclite, some massive metamorrhic rocks, and
thick bedded sedimentary formations. For the latter group the bed thick-
ness must be large compared to “he shorter dimeucions of the opening and
the bedding rlanes must be parallel to the lenzth of the opening. For
these turmations, the stresses arounc openirgs may be estimated by elastic
theory.

b. Horizontal Bedded. Horizontal bedded Pormatiocus may be any of
the stratified sedimentury rocks where the bed thicknesses &re small ccm-
pared to the shorter cross-sectional dimension of the openings, the bedding
plaies are parallel to the length of the openings, and the dip i1s less than
10 percent. These typés of formations form several ihin beds of rock over-
lying the opening and the stresecs developed in thege overlying beds can be
- estimated by beem or plate theory. ‘

' ¢. Inclined Bedded. Inclined bedded formations are similar to the
"éorizontal bedded formation except that the dip of the beds is greater than

10 percent.

2-09 ASSUMPTIONS REGCARDIIG THE STATZ OF STRESS PRIOK TO EXCAVATION. The
vertical stress on a unit horizontal section through a mase of rock is
ejqual to the weight of rock above this section, that is

8, = fy {2.1)

vhere
Sv = vertical applied stress
p = density of rock.
Y = vertical distance from surface
The horizontal stress on a vertical section through a mass of r-ck
may vary over wide limits depending uron the geologic history of the rock
and the proximity of free vertical boundaries. In an undisturbed mass of _
rock the horizontal stress at ay given poinrt is probably considergbly lass
than the vertical stress. The horizontal strees resultioy from veriical
ioadtng and horizontal coniiiuaent, ie rclated to the vertical stress ar
Poiseon's retic {16].
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S - 2.2
Sh l -4 sv = MSV ( )
whervre
sh = horizontal applied stress
Sv = vertical applied strecs
4 = Poisson's ratio of tne roas
M o e
l-4

For Poisson's ratio of 1/4, the value of M is 1/3. In & mass of rock
w4%ich has been disturbed by geologic forces, the horizontal stress depsends
primarily upon those forces which produce the disturbance. If these forces
have disappeared, the hericuatsal siress in the rock may approach that of
undisturted rock, whereas, if the geologic forces e.re‘still active, the
horizontal stresses may sxceed the vertical stress and approach the com-
pressive strength of the rock.

Three types of stress fields will be considered in this wanual.
These are represented graphically in figure 2.1 and are given algebraically

srtons by equations (2.1) and (2.2)
'1,' — T ’ where the value of M is O,
. v 3 § /4 A 1/3, or 1. The state of
IaNe’ | 2 O ¢ @) stress represented by M = O
- I ¥ I T would be expected to occur
I | |1 | at shallow depths near ver-
i i $o Sy tical free surfaces. The
weo s 4 Ne
stata of stress represented
Unigiwostionst Letere? Conetraint Hydrostons

by M = 1/3 would be ex-
pected to occur in undie-
turbed rock over wide ranges of depth, and that represented by 1= 1 coull
occur at great depth or in fulded areas. ‘hese three types of stress
fields wre also assumed to be uniform both alcng and avound the opening.
The height of the opening is assumed small comprred to the depth below the
surface so that variations of stress field with depth in the vicintty

of the opening can be neglected. This 1rsl assumption has been showm

Figure 2.1. Three assumed types of atress fields

to bc vulid in & gravity siress field when the depth ovelow the surface
6
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is greatcr than three times the height of the opening [16].
2-10 ASSUMPTIONS REGARDING FAILURE. The criterion of failure assumed for
design purposes in this manual is tased on waximum stress theory; that is,
the rock will fail in tension when the tensile stress exceeds the tensile
strength of the rock as determired by a simple {lexure test on & sample of
the rock. If the tensile stress in the rock is small, the rock will fail
in shear at a value of compressive atress equal tc the compressive strength
of the rock as determined by a aizple compression test on a sample of the
rock.
2-11 PHYSICAL PROPERTIES. Designing undergrounl ovenings prior to mining
presupposes that semples of the rock (usually in the form of drill core)
are availsble for ins—e~tion and physical property determinations. Inspec-
tion of drill core or the photographing of the interior of arill holes
determines the rock tyve and ine presence of mechanical defects, both of
vhiéh ahould.be mapped for the area by using core from several holes.
Standard physical property tests [15] should be made on core from all drill
holes for each rock type encountered. These data should Le summarized by
rock type giving average values and tne normal spreed in t:e data. The
most important physical properties for design purpnses are density, Young's
modulus, compressive strength, and flexural strengtn. A tabulation of the
vhysical properties for some 200 different rock types from various mining
properties throughout the zountry can be found in references [27]) and [28].
2-12 SAFETY FACTORS. The wide variety of assumptions necessary tor
achieving solutions to design of underground installations requires tne use
of a liberal foctor of safety in dgsigh equations. Exrerience has shown
that safety factors of four or more are on the couservative ri.de ard are
sufficient to allow for most indeterminate variables in mine . ign prou-
lems. Therefore, the following safety factors are recommended: foo
pillars and sidewalls a safety faci.: cf ' should be uased, and for rool
qlabn and arches a safety factor between 4 and 8 should be uscd. Where
conditiont are such that safeiy factors of this order or mag-’tude canaot
be used, it is recommended that various instrumentation techniqueas be used
to aid in the detection ov tailure. For example, the microzessmic met. .«
c? predictineg rock failure [17] or extensometers i~ measuringe roof

——_ v




O - o W
EM 1110-345-~%32 2-13
1l Jan 61
sag [15] should be employed during the eurly developuent stages of mining ‘/

te check the accuracy of the design methods.

HOMOGENEOQUS AND ISOTROPIC FCRMAIIONS

2-13 GENERAL CONSIDERATIONS. The major protlem cf designing eafe Aaud
stable underground openings in maccive homogeneous, lsotropiz rock forma-
tions is one or determinirg the maxinun stresses developed ia the vicinity
of the openings. These marimum stres3es, known as critical stresser, must
be of smnller magnitude than the ultimate strength of the rock if the open-
ing ‘2 1o be stable and r~main open without the use of artificialvéupport.
The maximum stresses developed in the vicinity of openings in Lomogenecus
igsotropic formations are a function of opening shape but are indeper.dent of
opening size. However, infinitely large openings carnot be made in any

‘rock formation Lecause of the presennce of mechanical defects. Therefore,

the ultimate safe size of any opening ie limited by the structiral defects
found in the rock. Since these defects cannot be evaluated accurately
until the opening is formed, only experimental mining techniques a & prior .
experience can be uded to determine maximum safe sizes for openings in
homogeneous isotropic formations.
For design purposes, underground openings are rlassififed into three
general types: single, multiple, and interconnected. The determination of
stresses around siagle openings is the simplest and is discussed first.
Stress determinations around systems of multiple ope=nings separated by riv
Pillars have been made both analytically and pnotoelastically and are 3Iis-
cussed second. No theoretical or experimental wori on stress determina-~
tions around systems of interconnected openings has been doue; tilarefore,
this probler is discussed only briefly.
Stress concentrations around oblate spheroidal-shapsd cavities have
been found to be lower (approximateLy 30 percent) than those for infinitely .
long openirgs having the same cross section [25]. Thus, for design pur-
poses, only openings that are long compared to their cross section are
considered. In adiition, if the stress distribution aiong the lengti of
the npening 1is aerused ¢o te uniform and indspendent of the length, the

8 ®




problem ¢f letermining stress distributior reduces to one of plane strain
and may be gsolved as a hole in a wide plate subjerted iv & two-directional
stress Tield in the plane of the plate.

2-1k SINGLE OFENINGS. a. Circular Tunnels. The stresses induced around
a circulsr hole infinitely far from the boundaries of a plate subjected to
a uniform two-directional stress field ure given by [26]:

, * S, &2\ s\/ 2 4 "
"r'(ﬁ 2 )( :;_»')*( }\ -La—+3§—)cos 26 (2.3)
FEETAET N RO I

%
A T
Sh -8 2 b »
v 2a 3 :
Tr&'( > >(1+2 -Jﬁ—)sin% v (2.5)
r r _ ‘
where )
o, = radial stress
% - tangential stress
1r6 = ghear stres”
& = hole radius ‘
r = radial distance from center of hole
6 = polar coordinate. Horizontal axis represents S = O
Sv = vertical appliec stress

d‘h = Msv = horizontal applied stress

It is evident from the above relations that tne slresses are concsn-
trated near the boundary of the opening, independent of the modulus of
elasticity of the material, and indepenicnt of the size of ti ...le, whi:!
enters only in the dimensionless retio (a/r).

For convenience, stireases in t.e vicinity of an.-opening aro usuuly
'expreued a8 & multiple of the average stress existing outside the zone of
disturbance, commonl)y termed the stresg concentration.

Stress concenrtrations along ths major axis at finlte distancer fiam
& circular opening in & wiidirectionsal stress field, M « 0 , have lec
calculated from equations (2.3), (2.4), and (2.), and are sh:a. in

9
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ST : figure 2.2. Since the astresses on or

near the free boundary dets.mine whether

] or not the opeaing will fail, boundary

i stressee are considered critical. Fig~ ’
ure 2.2 shews that tangential stressos v

\ are & maximum at the boundary while

redial stresses are zerv. The maximum .

shear strese w.s0 occurs at the bcundary

. ) 3 l “7.0_1?/ )

4

e a
Mol -y Ms

(V4

t/0

&

2 SR -
nN
e
(]
/

t/a 2.
/ Me i~/

: i | . %

Figure 2.2. Stress conceatration along 4 // //
axes of symmetry for circular tunnel, L
unidirectional stress field

and equals one-half the tangential
stress. For other shaped openings maxi-
mum stresses also occur at the boundary;
hence only boundary tangential stresses
are considered critical.
Figure 2.3 shows the tangential . .
stress distribution eround the bourdary bt I ,//
of a circular opening for the three + - T
types of stress fieids, M = 0) , Figure 2.3, I:‘ou‘\lary stress conceniration
‘M=1/3 , and M.- 1. for circular tunnels _ —:
b. Elliptical Tunnels. The parsmet.i: equations

T et o

X=pcosB;ysqsiuB ‘ {2.6)
define an elliptical opening. The boundary tangential stresces tur an.

elliptical opening in an infinitely wids place subjected to s uniform
two-diructional ctrecs field ace [6]:

10
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.. (Sx - sy) i{p + q) 8102 g - q2j + 2p8 2.7
¢ (5% - ) etn® B + .

where

boundary tangential stress

Q
]

2N
D-D‘<°X ot
!

= applied stress in ~ direction, horizoutal
= applied stress in y direction, vertical
P, qQ = parameters for cilipse '
= angle

X, y = rectangular ccordirztes

Equation (2.7) has been used to calcuiste the boundary stresses
around ellipses for four width-to-height ratios (W/Y = 0.25, W/H = 0.5,
W/H = 2.0, W/H = 4.0) and three types of '
applied stress fields (M = 0, M = 1/3, and
M = 1). The results nf thease calenlations 3':1} T -
are shown in figure 2.k, b '

For the unidirectional stress field oY
the maximum stress concentratioa at the

ozl
esi

N
.”

ol -

Sy
>~

end of the horizontal axis increeases as
the width-to-height ratio iacreases,
whereas the gtress concentration at the

top and bottom of the openi' 3 remai.
constant at a value of minus one, signi-
fying tension vhen the applied stress is
compression. For the two-directional
stress field (M = 1/3) the boundary
stress concentration at the end of the

horizontal saxis increases with increase
in width-to-helght ratio, and the stress | /A4 -4 Boundary suess concensrasion
for ellipticcl tunnels
concentration at the end of the vertical :
axis chnpgo. from large positive values to small negative values. Th~ hy~
drostatic stress field prn*uscs meximur slreeses on the horizontal axis rfor
widtn-to-height ratios greater than onc, and on tiio vertical arir for
width-to-heig“t r. tioes l~as than one.

n

. e e :
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c. Ovaloidal Tunnels. An exact sclution has been obtaired for the
stress distribution around an opening in an infinitely wide plute subjected
to a two-directional siress field, where th2 shape of the openinc is glven

by tre following parametric equations:’
X=pcoeBrr2cs 38, y=qs8inp -1 3in 3B (2.3)

By selecting proper values for p, 4, and r , .wious shaped openings
~zn be obtained. The boundary stresseo for these openi.cs are given by [6]

[(p2 + 6rq) eins B+ (q2 + Zo7) cos> g-cvr(p+q) cos> 28 + 9r2] o,

2

= (S* + Sy) (pelsin2 B+ q2 cos® B - 9r2)

2_ 2 v q)?
(p° - q7) (5, +8) -(p+a) (5 -8) ((p - 3) stc? B

p+q-2r

3r) con? 8] (2.9)

- (q

vhere
' tangential boundary stress

Q
X
“

= applied stress in x direction, horizcntal

[7: 3 4]

= applied stress in y direction, virtical

"<

= parameters for openirg shape

B = angle
X, y = rectangular coordinates

P, 9

Using the values nf p , q , and r given in table 2.2, four u.f-
ferert shaped openings resembling ovaloids, 1.e. rectangles with semicir-
cular ends, were constructed Trom equatici (2.0). The boundary streases

Table 2.1. Values of Purameters for Appraximare Ovaloids

Wilth-to-Height Ratio P Q r
—— - —— .\ —— - ——
0.2% 1.1 4.19 Q.19
.50 1.1 2.1 «0.1
2.) 2.1 . 0.1
L.C L.19 .19 «0.19
12
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around these ovaloidal shaj.c were calcu=~

lated from equation {2.9) for the three
types of stress ficlds and the results are

given In ilgure 2.5.

The maximum boundary stresses arcund
approximate ovaleidal openings d. not oc-
cur on the axis of the opeuiug &8 1o the
case Of elliptical openings, but are
shifted toward the Jjunction of the semi-
cirrular end and the straight sides.
Otherwise, the bourdary streeses arc.und
ovaloidal operings are similar to those

for elliptical openings.

d. Rectangular Tunnels. The tan-

gential stress distrituticn arcund a rec-

tangular opening with rounded corners ines

been studied by tne photoelastic

o vty v—————
[N R
P T
- anite e+

=" S i — :
‘g mr— w gl T
P L
o -0 [y %

bigure 2.6. Boundary siress concentration
for rectangular iunnels with rounded corners,
Ratio of [illes radius 10 short dimengion = 1/6

Figure 2.5, Boundary stress
concentration for ovaloidal tunaels

method (4, 19]. Rounded, i.e.
filleted, corners were used tu avoid
extremely high corner stresse:. il
boundary stresscs arcund five differ-
ent rectangles with constant ratic ~f
fillet radius to short dimension are
siiovn for three types oF stress
fields in figure 2.5.

The maximum stress conceptre-
tion occurs st the corners for all
cazer. For M = 0 , *he stres:
concentration increases with in-

crease of H/H. For M - 1/3 or 1 , the otress conceutraciou av the ¢ raers
is & mintmm for W/H = 1. When M= 0 or 1/3 , thers is u tensilo suiresad

Vo Biths caeidl T e
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induc2d in the roof, but In the hy .costatic field, M = 1, no teneile

stresses are induced.

2-15 DESIGN PRINCIPLES, SINGLF OPENINGS. a&. Discussion. The reaulis of
the preceding sectlons are aumarized. 1uto u set of critical stress curves
for use in deasigning single openings ln homogeneous isotropic rock forma-
Figures 2.7, 2.8, 2.9, and 2.1C ‘bow the variation of critical
compreecive and tensile stresses ver.us W/H for elliptical, ovaloidal, and
rectangular oreuings in plates for the three tyves of spplied etress

The curves in these figures are used to estimate the critical

tions.

rields.

stresses for various shaped openirgs in Jdifferent types cf stress flelds.
Also, the following set of design principles can be obtained from the

above data.

b. List of Principles. (1)

those of the unidirectional stress field acting vertically, an elliptical-
shaped cpening with the major axis vertical gives the smallest eritical
Furthermore, the greater the ratio of major to minor axis, the

stress.
lowsr will be the critical siress.

whose width-to-height ratio is greater than unity, either an ovaloid or a

If subsurface conditions approximate

However, if an opening is required

rectangle with rounded corners is & better choice than an ellipse.

R _J
p— -1
}——1
e
'

o

>

o

0 0% 10 19 20 29 30 3% &0
WA~ 1g-Reught rote

X Quporumanial dote - oveleld iepe {11))

O Caloutotnd 6010 - owsioed o0 N9 8 8)

0 (purmantgt dotg - r12ter 5 (vee [10))

Figure 2.7. Crisicat compressiv-
3tr198 concentration [or tuansis of
variv s cross ac. lions, unidirectional
stress field. 5, - S, 8.+ 0

14

3 \" F’ . -
phY
Vo

Figure 2.8, Criticud « vmpressive streas
co~cuntration for tunnnls of verivus cross
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Figure 2.9. Critical compressive stress Figure 2.10. Criticcltensilc stress concen-
conceatration for tuanels of various cross tration for tunnels o arious cross sections,
sections, hydroziatic siress field. Sy =5, two types of stress jields. M -0, ¥ =1/3

(2) Under the action of a unidirectional vertinal stress field,
there {8 developed in the rccf a stress concentration of approximately -1,
i.e., the stress in the roof is in teusion and is equal to the appiied com-
yressi'~ strecc. Since the tengile strength n® moet rock is usually v
low ccmpared to its compressive sirength, this tension may be critical.

(2) When there 1s a two-directional stress field, and M equals
approximateiy 1/3, an elliptical or ovaloidal opening with major axis ver-
tical induces lower critical stresses than the rectangle. Moreover, the
critical stress becoves & minimum wher the ratio of major to minor axi. :s
sbout 1/3. If the ratio of width to height of the openin is great~r than
unity, ovaloidal or rectangular open’ngs induce lower critical stresscs
than clliptical openlings.

(4) In a two-directional stress field when M = 13, roof tersions
are induced only when the width-to-height ratio of tlw opening 1g g.w=: ter
toan unity. Although the tensils s*ress concentratior. 14 lower st al.
Viwes than tor a unidirvctional vertical stress field, the magritude cf
the streess increaces vith increase cf width-to-hsight ratio, and

15
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Is virtually independent of opeci .z shape.

(5) n a nydrcatatic stress field, the preferred openirs shape is a
circle. When a width-to-height re%io either amall or greater than unity is
desirad, an ovelvid will induce lower critical sir:ises than either the
ellipse or rectangle.

(6) 1In e hydrostatic stress fieluy no tensile stresses arc inducea
for any of the opening shapes.

{7) sharp corners or an opening in any typ: °f stress field will
produce high stress conceniratioas, and should b &void-d.

2-15 ILLUSTRATIVE EXAMPLE, SINGLE OPENING. Determine the safety factors
that sxist for the stresses around a long }ectuxgular opening 25 ft wide
and 10 ft high at a depth of 900 ft in the center of a uniform saadstone
bed TO ft thick, having the fcllowiug physical propertizs:

Compressive strength = 18,000 psi

Modulus of ruptuve = 1,600 psi

Poisson's rautio = 0.25

Rock density = 0.09 1lb per cu in.

Rovnded corners for the opening will be assumed since routine blast-
ing rarely produces sharp corners. The stress field prior to mining may be
assumed to result cnly from the weight of superincumbent rock and lateral
confinement. Therefore, from equations (2.1) and (2.2):

Py = G.09 x 900 x 12 = 970 psi

Vertical stress = Sv
A Mo b o 0220

Value of M = M 1_“--1‘_0.25“1/3

Horizontal stress = Sh - MSV = 1/3 X 970 = 320 psi

The width-to-height ratio for the rectangular cpening is 2.5; therci.. .,
from figure 2.8 tie maximum compressive stresi concentration in the side-
walls 1s 4.4 and from figure 2.10 the maxiom $rvsile stress concentrat.ion
iz the roof is O0.4. Hence, the critical str=sses on the boundary are:
' Critical compreswive stress = 970 X .4 = 4300 pst
Critical tensile dstreus = 970 x 0.% = 350 peci

The safety factors are thu rutlio of coapressive strength to maximm
ccupressivo stress, and tre ratio of modulus of ruptur~ t, maximum t~n:lle
atress: Thus

16
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Fo = 17?-',%206 = b2 F = %g_gg = bl

Since both safety factors exceed 4, which has been “aker es a normal
safety factor, the openiag should be stable under the £ssured operating
conditions.
2-1T7 MULTIPLE OPENINGS IN HOMOGTNEOUS AND ISOTROPIC FOFMATIONS.

a. BStreas Distribution. Tt> stress distributions around systems of
parallel openings separated by ridb piliars is considersbly more cowplicatad
than for a single opening. Therefore, this problem is discussed only
briefly and the design methods are based upon empirical results rather than
theoretical equations. The boundary stress distribution for a row‘of
equally spaced holes of equsl size in & plate subjectad to a unidirectional

compressive stress field perpendicular to the line of hole=s has been deter~-
mined analytically fcr circular openings [11] and photoelastically for
circular, ovaloidal, and rectangular openings [5, 19]. Irrespective of the
number or shape of the openings, the fcllowing generalizaticns regardirg
the stress distribution around the system of openings car be ﬁnde. First,

‘ the maximum boundary ccupressive stresses occur on the sidewalls of the
openings, that is, along the edge cf the pillars between the openings. For
a finite number of openirgs the boundary stress concentration is greatest

for the inneimost holes and approaches the maximum value of the siress .on-
centration for an infinite number of openings. Second, the boundar; stress
at the top and bottom of the openings is tension and is approximately equal
in magnitude to the applied compressive stress. However, this tensile
stress concentration decreases rapidly with applied confining pressures.
Third, the pillar stress concentration increases as the opening-to~pfllar
width ratio increases, but the stress iistribution through ine pillar -
comes more uniform. Thus, when the pillar width is small eompare¢ to the
opening width, the average stress in the pillar 1is nearly equal to the
maximum stress. .

b. Unidirectional Stress Fieid. The following equat.on has been
derived from experimental data [5]) |

7 \2
KeC+0.09 (1»,;,-‘1\ - (2.30)
p‘
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where

maximum stress concentration in pillars

Q
]

maximu stress concentretion around a single openirg
for uridirectional strees fiela

width of opening
widtn of pillar

X
[

By use of equation (2.10), the maximum stress concentration iz rib piilars
for a series of parallel openings can be computed Iwum the ratio of openirg
width to pillar width aand the maximum stress concentratinn arouni a single

L : opening of the same shape. various values of
¢ for use in equation (2.10) for different
r
Eavene "{,""" ’ shaped openings mey be obtained from the
ReCeOOn{A\ gl *t) = .
. i} CA curves given in figure 2.7. Equatioa (2.10)
L_ ///J / has been evaluated for circles, ovaloids, and
)
4 rectangles and the corresponding maximum

stress concentration in the pillars s a
function of opening width to pillar width is

B=S7

CHiNce: COMPrOsSIY SHETS CORCHNWENES - "/“
\

" g
N // shown in figure 2.1l together with available
N experimental data. Also shown in figure 2.11
A Comprtes overoge paer sivess ]
for 0 iAfite Sumbar of plisss is the averuge pillar stiress concentration as
' & function of opening-to-pillar width. This
2 average pillar stress is obtained by assuming

] ] - )
QPonng WigId 1 poiker with roe

Crprmenesl o

that the pillars uniformly support the entire
4 9 owiods w20 load of the overlying rock.

O Seweles WHe IO

8 Sowieds WAL 03 ¢. Two-Directional Stress Fields.

Figure 2.11. Critical compressive  Analytical studies on the stresc distr...tion .

stress concentration for multiple

openings around multiple openings for two-directiocnal
applied stress fields are inadequate for oltaining design criteris. ilcw-
ever, by combining the results for single openings in two-directional ‘
stress fields with those for multiplc openings iu unidirectional si.:es
fields an approximate design method can be obteined. Thus, it is assumed
that equation (2.10) can be useq for two-directional stress ficlds by
siuply usirg for C the vslue of the critical stress -~ou.entration sccund
@ eingle opening I & t.o=d’ ..tional stress ficld (fi,ures 2.8 and 2.9)

18
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instead of the value for the unidirscticnal stress fis'd.
2-18 ILLUSTRATIVE EXAMPLE, MULTIPLE OPENING. Determine Ii a row of 30-ft-
diameterfcircular tunnels can safely be cpaced on 60-ft ceniers at a depth
of 1000 ft in a homogeneous {sotropic rock furwetion having the following
physical properties:

Densisy = 0.035 1b per cu in.

Compressive strength = 15,000 psi

Modulus of rupture = 80 nsi

Poissoun's ratio = 0.25
A lateral confiniliy pressure is assumed; therelore, the applied stress
field is

s, = 0.095 X 1000 X 12 = 1140 psi

s, = I'g‘§§§§ x 1140 = 377 psi
Froz figurc 2.8 the critical boundary couwpressive stress coné%nﬁration is
2.67 for a circular opening and from figure 2.10 the crit.cal tensile:
stress‘ie zerc; therefore, design is based only on compressive stiesses.
Substituting in equation (2.10) gives

K= 2.67 +0.09 [(1+1)%-1] = 2.67 +0.09 x 3= 2.9h

A stress coucentration of 2 o4 gives a critical stress ot

2.94% x 1140 = 3350 psi

" The ratio of the compressive strength to critical stress is the safety

factor, thus

15,000 _ |
R

Since the safety factor 18 greater than 4 the above system of penings
shouldl be a safe and stable installation in the absence of any ebnc.sm 1
geological delects. H!

2«19 INTERCCMNECTED OPENINGS. The stress distriltctiion for sy~t-us of
interconnectid ogonin.., such as used in rom a . pillar methods of miniang,

19
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has not been studied analytically. The assumed bagis for deslgn therefore
is cither tie average pillar stress or the muximum toundery stress fur &
single openring, vwhichever is the larger. In generel, average pillar
stresses for interconnected openings will Le larger iinn maximus: boundauy
stretses for a single opening when the mined area cxceeds 75 percent, that
is, when the opening-to-pillar width =’ ‘o iz greater than 1 Tor cjuare
pillars.

Critical or maximum boundary streeses for various shaped single
openings have already been given. The method for desizning safe pillar
support from average stres- is given 1. the next section.

CFENINGS IN HCRIZONTAL EEDLED FORMATIONS

2-20 GENERAL CONSIDIFRATIONS. The design of underground openings in a
horizontal bedded formation can be d’vided into two major prohlems: first,

the determination of safe span lengths, and sevond, the determination of
safe pillar support. Each of these problems can be subdivided according
to the system of openings: first, the single opening; second, parallel
openings separated by ridb pillars; and third, intercornected openings
supported by square pillars.

a. Safe Span length. For single openings, the determination of se&fe
span length is bused upon the assumption +hat the rcor sinb may he repic-
sented either by a uniformly loaded beam fixed at both ends or a uniformly
loaded rectangular plate fixed on all edges. Furthermore, it is assumed
that: the roof slab extends over the entire opening and has no vertical
cracks or fractures, there is no bond between tle roof slad and the ronck
above, the roof slab is a homngeneous, isotrogric rock having <& linear
stress strain relation, and no confining preesures cxist at the edges of
the slab. The effect on a roof slab of an axial load resulting from con-
fining pressures in the rock has been calculated und found, in praciical
cases, to contribute leus than 10 percent to the bending momenta {22].
Taerefore, only vertical loads are considered for design purwsus. For
single ope.ings where the ratio of the lateral dimensions is yreater than
2:1, beam theory is used, und less than 2:1, plate tio-y is usged.

20
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The determination of .2%e span lengths for parallel openings sepe -
rated by riv pillars presents no add;.ional problems. kach opening is
considered independently and either the beam or plate theory !s used for
caloulatire safe span lengths depencing upon the ratio ot room length to
width. '

The problem of determinins safe span lengths t'or infterconnezizd open-
ings supported by pillars has no nnown theoretical eolution. Therefore, a
relatively large safety factor, 8, is emplored with ths simple beam theory
to allow for the additional stresses created by having only partiel suppert
at the edges of the slab. The dlsttnce between rows of pillers is con-
sldered the span length.

b. 3Safe Pillar Support. The determination of safe pillar support
for a single opening reducee to an estimation of the sidewall stresses.
These stresses are ectimated from the boundary stresses around single open-
ings in homogeneous, isotropic medium. .

The determination of safe pillar support for parailel openings sepa-
rated by rib pillars or intercomnnected openings with squire pillar support
is based upon the assumption that the load on underground pillars results
only from the weight of the rock above the openirgs and pillars, and that
the loading conditions are similar to those in a simple compression test.
The average compressive strength determined by laboratory tests on aamplea
of the pillar rock is assumed tc he the averasxc slrcrgth of the pillar
rock in situ. ‘

2-21 SAFE SPAN LENGTHS IN HORTZONTAL BEDDED FORMATIONS, BEAM THEORY.

&. Single-layver Roof. The maximum values of the deflection, shear,

and tension fnr a uni'fomly loaded beam clamped at both ends are given [2!)

QL“ '
) Dmat = A @ (2.1}
Jcl
L
Tnax " %— : {2.12)
2
gL 'n.13)
Tuax ® 2t 2.13)
21
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where

= maximum defiection

= paxinum shearing stress

= paxi~um tensiie stress

span length (shorter lateral dimension slsb)

slab thickness

= Young's imodulus

o BEE

density of rock

The maximum deflection occurs at the center of the beam and the maxi-
mwum shear and tensile stresses occur at the ends of the beam. At “he cen-
ter of the beam the shear is zero, and the tension is one-half the maximum
value, thus, the expected pointa of initial failure would te at the ends of
the span rather than at the center.

The maximum shear stress varies d'ir ctly as the span lergth, whereas
the maximum tensile stress varies as the square of span length, and in-
versely as the slab thickness. The ratio ol these stresses is:

max 2L
—_— s & (2.14)
'l'ru 3t

Thus, for beams long compared to their thickness, the tensile astress ex-
ceeds the shear stress. Since for ucnt rcok the tensile strength is less
than the shear strength, shear stresses can be diarégurded and only tensile
stresses employed to Jetermine safe span lengths. v

Equation (2.13) may be rewritten as a design formila for safe span
lengtus by replacing Imax with T , the tensile strength of the roc*
dividing T by P, a safety factor; and soiving for L . Thus

L -‘/gt— (2.15)

Using a safety factor cf 3 and a rock density of G.09 1b per cu in., a
graph of equation (2.15) on log-i-~g coordinates 1o shown in tigure 2.12.
Thi- gruph relates safe span langth to bedl. thickness and tensile strens*th.
Figure 2.12 may be ‘i2cd ®or reigh estimates of safa epr . langth and

-
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equation (2.15) for more pre- !se
calculaticn.

the roof rock is composed uf two
slabs, one above the other, there

PRI /SRR PP

Two=-layer Roof.
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Figure 2.13. Two conditions for multi-
layered roof slabs

Figure 2.12. Safe span leagth for various roof
thicknesses and tensile strengths of rock

are two cases to conside:." (see figure
2.13). First, when the thicker slab
overlies the thinner slab, each &acts -
.independently and the stresses and de~
flection in each slab can be calculated

by equations (2.11), (2.12), and (2.13). Second, when the thinner cslab
overlies the thicker, the lower slab is loaded by the upper cne.
additional loading can be calculated from beam thaory and represented as

an apparent density of the lower slab which is given by

where

PUAS N LS PR

(34
b

3

fa

3 3
Eltl + Eata

a apparent density of lower beam
= Young's mocdulus o lover bLeaa
Young's wodulus of upper beam

density of lower beam
= density of upper beam
thickness of lower tsam
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The maximum velues of the deflection, shear, aad tensile stress in the
lower slab are determined by equacions (2.11), (2.12), ard (2.12), respec-
tively, vhere p 1is replaced by Po - 1f the density and Youns's modulus
are the same for bLoth slabs, the maximum value of Oy occurs when the
upper slab i3 cne-half the thickness of the lower. Uader thie condition
Py = 4/3 Py s nence the upper slab increases the tensile stresses in the
lower slab by 33-1/3 percent. Safe span lengths for the case of two beams
may be determined from equation (2.15) by replacing p with Pa *

¢. Multiple-iamyer Rcof. When the roof rock s composed of three or
more slabs having no bond between slabs and the thinner :labs overlie the
thicker ones, the additional load on the lowest slab can be calculated frem
beam ticory and represented 3s an apparent density of the lowest slab which

ig given by
E,t2 (o, t, + p“t + 0.t + eee + 0t : :
0y = 21 3l 1 32 2 33 3 3n n (2.17)
Eltl + E2t2 + E3t3 + oo + Entn

where

Pg = apparent density ot %gwez* nesy

En = Young's modulus of n~ bean

e, = density of ntht:eam

tn = thickness of n beam

The values of the maximum deflection, shear, and tensile stress and the
safe span length are ugain obtained by substituting Pa for p 1in equa-
tions (2.11), (2..2), (2.13), and (2.15), respectively.

For multilayered roof slats huving varions thicknesses &.ld phye..al
properties, the number of layérs trat necd to be conaidered can be deter-
mined by using equatlion (2.17) stepwise. ‘i:ut i>, the apparent density is
calculated for the first two slabs, then the first three, first four, etc.;
until therippcrent density shows no turther incroase. Only those l. ers
that produce an increase in the uppcient density are effaectively los .ing
the lowes* layer.
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2-22 C/ST SPAN LENGTHS IN H(‘._RIZCI\!TAT BEDDED FORMATIONS, PLATE THEORY.
The maximur values of the deflcction end tensile stress for a vniformly
loaded rectangular plate clamped cn all edges are given (2]

4
D = Apa > (2018)
max o
2
o o bBoa” (2.19)
max t
where _
Dhax = maximum deflection
Opax ° max}mum tensile stress
8 = shorter lateral dimension
b = longer latersl dimension
E = Young's modulus
p = density
t = thickness
A, B = constants

Table 2.2. Values of A and B for Various Values
of b/a and Poisson’s Ratio Equai to 1/3

b/a B A

1.0 0.0513 0.0138
1.1 0.0581 0.016k
1.2 0.0639 0.01R8
1.3 0.0687 0.0209
1.k 0.0726 0.0226
1.5 0.0757 0.0240
1.A 0.078¢ 0.0251
1-7 010799 | 000%0
1.8 ¢.0R12 0.C267
1.9 0.0822 0.0272
2.0 0.0829 ! 0.0277

The maximum deflection occurs at the center of the plate and . e
masimum tenslle stress occurs at the middle of the longer dimencion a* ih
edge of the plate. For ratios of b/a greater thun 2.0, the bvam theory

25
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equations given in paragraph 2-2lu approriuate the stresses and deflection
of the plate tteory. The errcr in the maximum stress is less than l per-
cent and the error in the maxirum deflection is less than 12 percent.

As before, cquation (2.19) can be rewritten is & design formula for
safe span length by replacing o, with T, the tensile strength of tho
rock; dividing T by a safety factor, . ; and solving for a , the
shorter lateral dimension. Thus, the rufe span length ia given by

P g% (2.20)

€-23 TTLUSTRATIVE EXAMPLE, SAFE SPAN LENGTH, The estimation of safe spean
lengths from equation (2.15) or (2.20) requires values for the safety
factor, density, modulus of rupture of the roof rock, &ad the thickness of
the roof slab. When the roof rock is composed of two or more slabs with
the upper ones loadiug the lower ones, then the density and Young's modulus
of each slab are also required.

Safety factors between 4 and 8 should be euployed, dependi:g upon the
type and number of mechanicul defects that can be cbserved in the roof ‘ '
rock. The density, Young's modulus, and modulus of rupture‘ are obtained
from physical property tests on diamond-drill core obtained from the roof
rock. When available, the modulus of rupture determined on horizontal ~orc
should be used, otherwise, vertici. core aay be used. Prior to mining the
opening, the bed thicknesses overlying the opening are estimaved by in-
specting vertical drill cores of the roof rock and noting planes of weak-
ness. After mining an opening, the estimated bed thicknesses may be
checked by stratascope surveys and wsayg measuremunts as the or':inn.l' .. ning
is periodically widened. From equation (2.11) the apparent bad thickness
can be cu.lculatod from the change in drrle'*ion resulting from a cha.ng' in
span aidth wl ich is given by

SR :
-97(2 ! (2.21) ;
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where

[
L]

span width after widening

L}

epan width before widenirg

D, - Dl sag resulting firom widening

A complete discussion of the experimental techniques employed in daveloping
safe span lengths at the Buveau of Mines 01l Shele Mine, Rifle, Colorado,
has besny reported [15).

As an example ililustrative of safe span desiza, consider the follow-
ing problem. Determine the mexinum safe span for az underground installu-
ticn in a stratified formation 600 ff, below the surface, consisting of a
slngle opening 30 ft high. Inspection and physical property tests on

diamond-drill core frcm the prcposed roof rock have given the following
data:

Glab Density Young's Modulus of

Thickness, ft 1lb/cu !n. Modulus, pei Rupture, psi
First slab 6 0.09 3 x 100 3 x 103
Second slab 2 0.09 2 x 106 2 x 103
Third slab 10 0.09 3 x 10° 3 x 100

The second slab w!ll load the first slab as it is thinner than the botto:.
slab, but the third slab will not load the tottom slab because it is much
thicker than the lower one. To calculate the additional loading on t.e

lower slab use equation (2.16) to obtain the apparent density of the bottom
slab. Thus '

_3x10% (6% 12)° (0,09 x 6 x 12 + 0.09 x 2 x 12)
3x 10° (6 x 12)3 + 2 x 2% (2 x 12)3

'y = 0.°"" 1b/cu i-.

Substituting Pa for p in equation (2.15) gives the estimated safe span
as

3
2x3x10° x6v12 .
L’\/ 0.117 X 8 = 36 £t

L S )
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2-24  SAFE _PTLLAR SUPPORT IN HOR. ONTAL REDDED FORMATIONS, a&. Single
Openings. The determination of safe pillar support for a sinsle cpening ir
a liorizontal bLedded formation reduces to an estimation of tha L.cuncery
stresses in the eidewalls. Depending upon tha ty 2 uf stress field and the
gencral shape or the opening, the critical boundary stresses are obtained
from the approupriate curves in figurss 2.7, 2.8, and 2.G. The cuitical
boundary stresses should always bhe less than the strength of the rccs and
preferably by a factor of . |

b. Parallel Openings. The average stress on rib pillars between a
series of equally spaced rarallel cpenings cf equal size is given [5]

W
Ep - (1 + w—°)§b ‘ (2.22)
A ;

where

oy = average vertical stress before mining

average stress in pillars
opening width

pillar width

density of rock

depth below surface

< oot
[ ]

Equation (2.22) msy be rew-itten rs a desiyn formula for safe pillas
widths of rib pillars by replacing §p by cp » the comprecsive strength
of the pillar; dividing Cp by F , a safety factor; and solving for wp .
Thus, the safe pillar width is given by

W
W =

- . (2.73)
p ¢C
L .
£
¢. Interconnected Openings. The average s*:vss on square pi'lars
for a system of interconnected onsnings in a hourizontal bedded formation is

given (5]

W \2
B, =5 (1+g5 (2.24)
: P
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width of pillar (same in both lateral direction:)
= opening width (same in bot}r. latera! directions)
= average stress in pillar

P

= average stress before wining

Replacing §p by C , the campressive sirength ol “he pilla.r; dividing Cp
by ¥ , a safety factor; and solving for wp gives the safe pillar width

design formule for square pillar sipport as

v

q oa——— (2.25)
2,
Y

For mining purpcses the percent mired area or percent recovery, R,
1s often useful. Equations {2.23) and (2.25) can be put ir terms of safe
percent recovery, giving

R=1100(1- -%"i (2.26)
p

2-25 COMPRESSIVE STRENGTH CF _PILLARS. The compressive atrength of
pillars, C, , used in equations (2.23), (2.25), and (2.26) needs some
clarification. Laboratory test on diamond-drill core has shown that the
observed campressive strength is a function of the length-to-diameter
ratio, L/D, of the sample {12]. Standard compressive tests are perf:rmed
on samples having an L/D ratio equal to one and the necessary correct’:
for the compressive strength of samples having an L/D rati> between 0.5
and 2.0 asounts to less than _0;20 percent. ‘fherefore, no correction for the
compressive strength of pillars whose ratin of L/D lies between 0.5 and
2.0 1s required. Pillars having L/D rat os greater than 2.U should b
avoided because the "column effect"” reduces the strength of the pil.‘..a;;
spprmciadbly. _

The strengtia of undsrground pillars in st:utitied formatious presents
some Aifficultiss because the strengths of the various strata of rock in

29
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the pillar vary over wide limits. Unpablished laboratory tesius by tha
Applied Physica Eranch have shown ithat, in general, the strength of pillars
composed of differeat strata of rock is more nearly equal to the average
strength of the varjous strata of rock rather than tne weakest strata.
Therefore, the compressive strength of rillare in stratified formatlons
should be obtained by averaging the comprussive strengths of the various
rock types‘ in the pillar. : k

2-26 ILLUSTRATIVE EXAMPLE, SAFE PILLAR STTPPORT. T.: 2stimation of safe
pillar widths by means ot equations (2.23) and (2.25) rec:ired values for
compreseive strength of pillar, height-to-width ratic of piilar, opening
vidth, sufety factor, and avrrage stress before mining. Methods for esti-
mat ing compressive strength of pillars having various height-to-width
ratios composed of st. ..1ied rock have been given in the preceding para-
grarh. A safety factor of at least 4 should be employed and the height-to-
width ratio of the piller should be kept below 2. The opening width is
d<termined from safe span considerations and is assumed fixed. Tae average
ctress before mining is given by equation (2.1). For a quick estimate,
average vertical stress in roch increases 1 psi per foot of depth.

As an illustrative example consider the following problem. Determine
the safe pillar widths for an underground instellation in a etratifi=3 for-
mation 1000 ft below the surface consisting of 30-ft-high interconnected
openiings supported by square pillars wnere the safe opening width or dis-
tance between pillars has been fixed at S0 ft. Physical property tests
on vertical drill cors from the pillar rock have provided the following
data:

Avarag: Canpressi-c

Strata Thickness, It Strength, psi
1 15 20,000
2 5 10,000
3 10 15,000

The average compressim™ sirength for a pillar huving a height-to-width
ratio of 1 is the aversge strengtn of the tivee strata or 16,000 psi. The
average streus befurc aining at 1000 ft is approximatel;- 100 pst.
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Assuming a safety factor of  and substituting into equation (2.25) gives
the sufe pillar width as

W 20

-z 20 =
S T R T
Fx 1,000

Since the ratio of beight to widt.. of pillar is epproximately unity, no
correction peed be made.

29 £t

INCLINED BEDDFD FORMATIONS

2-27 GENERAL. In dipping strata, a tunnel ‘& usually driven parallel to
the dip or puarallel to the strike. For the purposes considered in this
manual, the maximun bedding angle whica could “e followed is limited to
about a 10 percent grade, above which movement of ‘wheeled vehicles and
equipment would be hampered. The design problem =t cuch small angles is
virtualiy the same ag for horizontal bedied formations, aid safe spans may
be calculated using the same equations from either beam or plate theory as
the case requires. Pillars are designed in exactly the same manner as pre-
scrived for those in horizontal sirata. Examination of the forces acting
in an inclined roof beam shows that the ncrmal component of the vertical
load which tends to flex the beam 1s lese than the total load, and hence,
the beuding effect is lessen-1. Thus, tbe factor of safety is eveu 1 2ater
than vhere the same roof bed lies horizontal.

- 2-28 TUNKEL PEXPENDICULAR TO STRIKE. Openings made across bedded forma-

tions which are sharply inclined are not advisable unless artificisl sup-
ports are used. Since the dir in this cas: is assumed greater *“an that

which would vroduce a 10 percent grade in a tun-
nel driven parallel to the stratification, the

tunnel could not be driven inclined and will be
considered horizontal. Wwhen the long dimeunsizn
of the opening lies in a horizontal plasne which W X
is perpendiculgr to the divecticn nf the strike  Figuws 2.14. /ongitndinal sc.jua

Untupported ety 00908

of the beds (see figure 2.14), the edges of of horixental surnel driver: peipen-
cular to strik. o) inclined
numerous overlyins strara are exposed along the bedded formation

3
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entire length of the tunnel and wili tend to cruck and drop into the open- a

ing. Moreover, in the extreme case where these beds are of widely varying
thicknesses and physical properties, the problem of determining span wi:lih

analytically would ve virtually impcssible. In any =8¢, all excosed
edges of rnof bods must be supported by roof bolts or scme similar

expedient. v
2-29 TUNNEYL, PARALLEL TO STRIKE. When the long dimension of the openiiy
is horizontal and lies parallel to the

strike under sharply dipping roof beds, the
top of the opening may he made to conform
as cloce as possible to the dip of the
beds; see figure 2.15. This vould minimize
the possibility of differential movement
of thin beds jnto the tuanel, but roof
bolts would still be necessery to support

R s ' SO0 PR PN Y

Figure 2.15. Cross sections of
horizontal wnnels driven purailel
to swrike of inclined bedded formation exposed edges of strata.
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TUNNEL LINTNGS TO NRESIST EXPLOSIONS ’ .

2-30 GENERAL DISCUSSION. A statically stable opening ’is defiued as an
underground opening that will successfully resist the static loads imposed
by the overlying material. Such & oprenirg meay require no supporting
means, or may require some artificial support such as roof bolts, linings,
or same type of structural framework. One anticipates that in large and/or
long openings, defective rock areas will exist vhere some type of static
load support will be required. Uefore the proviem of designing an int~vnal
tunnel structure ias considered, it is assumed vhat a staticaiiy stable
opening can exist with or without artificisal supports. Any internal tunnel
structure designed for protection against dynamic loadings is distinguished
primarily from thes usual type of static support by ius purpose. .
The problems encountered in Ariving an opening through various .edia
have been described in the preccling pa.ragrgphs. The principles dilscussed
are prediceted on tle assumptions that the tunnels are ‘n a rock medium
0 be considered static .ly stable wita no

32 .
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additional supports. In the cases where additional supports are required
for static stability, these uapports may be designed to resist dynamic
loads as well, since the principles involved are quite parallel. However,
the mode ot failure resulting from the dynamic loadings caa be guite |
different. N
Linings, when used for static support, may range frcm & thin ~oating
of mortar such as Gunite, to & thi.i wall of plain or reinforced concrete
of various structural shapes and designs. Structural steel elecments are
also frequently used. The mechanism of damece as discussed in this manual
applies directly in the cases of light tunnel linings, like Gunite, placed
to protect against rock spalling and sloughing due to é.ir slaking, since
such A thin coat will add no materisl strength:. Also, the use of roof
bolts does not materially affect the damage due to dynamic loadings.
Heavy supporting atr{xctures in direct contact witi the tunnel walls ex-
perience a major effect from coxpressive stress pulse loadings, and design
of such structures should incorporale the principles for protection from

dynamic loadings. Areas requiring special supports are az much of a

special problem in design for dynamic loads as they are for static loads.
In such cases special s:atic and dynamic desiga should be conaid.erad
similtanecusly.

2-31 REASONS FOR INTERNAL TUNNEL STRUCTURE. An underground explosion
subjects the rock medium to a cumpressive stress pulse which may caupe ‘
extensive damage at free sw. .aces such as the unprotected walls ot & un~
pel. The extent of the damage that may be geuerated depends upon the '
amplitude of the stress pulse, the shape of the streas pulse, and the
physical condition of the rock at the surface of the tunnel. Experiments
on tunnel damage have been carried out by the Corps of Fnginec: [6, 7, FI.
These reporis define four degrees of damage intensity which will be dis-
cussed later. Tunnel damage dces uc* nece=serarily mean collapse of the
tunnel nor impairment of tunnel static stability, but is generally con-
sidered to mean breakage of rcck at the wall rm.rfncél. This *.ecakege is
such that the broken rock hus a velocity as i! leaves the wall surfa~s.
The spalled pieces of roci vary m size and in the velocity with which
they leave the wall surface. To provide protecticr in an underg—ound
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op2ning againat the action of f.yrock, and in some cases to meintain the 3

opening, the following conditions should be fulfilled:

(1) The compressive stress pulse must not be permitted to enter a
Protective structure directly so as t> <ause the same typc of
fracture in the protective stiructure as generated on the walls
of the tunnel, i.e. spaliing fracture caused by refiection :f
thke compressive stress pu.-e at a free surface.

(2) The interior of the turnel must be protected from the &, uamic
load of flyrock of varicus sizes and velocities.

(3) The accumulated pieces of rock brokea from the walls must have
some meante of support.

Such conditiones cen best ve met by providing a structure within the
tunrel that is supported in such a manner that It will not allow direct
transmission of a stress pulse into the structure and 18 strong enough to
.,:‘i resist both the impacts of the flyrock and the resulting static load from
" fractured rock.

2-32 GEMETRY OF CIENINGS AND PROTECTIVE STRUCTURES. ‘me influence of
gecuetry of an opening on the damage is discussed in EM 1110-345-434k. The . |
size and shepe of the most effective internal tunnel siructure to resist

the effects of dynamic loadings might well be considered before the size .
and shape of u given opening is decided for final design. The factors of

use and Punction dictate the total area required and the minimum dimeneions

needed, but such factors as the terminal static load and flyrock impacts

are influenced by the size and ..aape oi the tunnel, and thus control the

design of the protective structure. A balance of these factors for

economicel design is desirable. It i1s possible that the cize of pro-

tective structure for extremely large areas would be far less economical

than smaller, longer tunnel arrangements.

The openiuigs should be such that the protective structure can he in
the shape of arches or rings, as these urec the wzost effective in witi.- o
standing the type of loads that might be imposed. Ucually, the protective
structure should conform more or less to the tunnel shape. In al.ition, .
the stress pulse will be turned away from the protective stiucture by a
mismatching of the mechanical .mpedance. This mismatching of mechaninel | \
impedanca is most easily accomplished by leaving a evac: between s*ructure -,
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anl tunnel wall. Thia space .roula not be large and need not be more then
a few laches.

Q=33 AVAILABLE EXPERIMENTAL DATA. No experimental data asc available re-
garding lcadings on protective tunnel structw-ec that resulv from nuclear
explosions. Some experimentul data and observations of HE exploeicns have
been obtained by the Corps of Engi-zers on tunnels i}ith no internal struc-
tures [6, 7, 8). One should re-ognize, therefore, that the loading and
response of protective structuiee in tunnels as presentes here are based
only on the types of experiences and observations gained from the field
work described in these referenccs; Explcsive eftects from HE bembs are
much more localized than would be ground shock directly transmitted through
the rock or airblast-iaduced ,round shock from atomic weapons. Thererore,
the zoning phenomeaa, which are descrided in EM 1110-345-L34 and referred
to in paragraph 2-44 following, would not be directly é.pplicable when de-
signing protection from large atomic weapons. However, the physical be-
havior of the bounding material would be aimilar in meny respects and data
presented may be possible of extrapolation and adaptation .o designing

“ internal structures in rock to resist atomic weapons.

CONVENTIONAL TUNNET, SUFPORTS

2-34 GENERAL CONSIDERATIONS ., Linings are used udimally for the purpose
of maintaining a stable opening from the static viewpoint. The design for
static stability may well be coupled with the design for protection against
blast loading failure. For this reason the general characteristics of
ordinary types of construction are discusned briefly.

2-35 STATIC IOAD CONSIDERATION.  Supperte in the form of tunnel linings
are generally used when the tunnel is in or must pass throy:h an area of
defective rock. Here the choice of the type of tunnel support depends on
tke nature and characteristics of the prevailing rock defectoa., Such probe
lems of ulecting particular types of suprurting structures are treatec in
reference [20]. These structures are usually similsr in type, characts '-
istic, and function. They all are composed of transverce rihs, either
circular wher sqreezing or swelling rock 18 en=rntered, or bewm or arch

35

e —— o e e - . P R N
S T e T L i e b et & L i) — .

e BN S

Saa et en ae R4 nARY gt

B L i P

-

¢ ™




B 1110-345-432 z-36
1 Jan 61
riba supported on posts when the problem is one of supporting a slabbing ‘ .

or collapsing roof. These rids support longitudinal members cver which a

lagging 1s placed. This lagging may be either tight or loose. The com-

Pleted structure is back-packed with stone, gravel, or concrete, and ofien

the whole stiucture is concreted in place. A typical lining is composed of

ribs, longitudinal membters, lagging, ps.iking, and may or zay not be con-

creted. The function is to maintain rtability of the openirg and Trevent

rock from dropping to the rlocr of the tunnel duc *o slaking and flow ;
fracture. Considerable care is usually taken to see that the ribs ard ‘
longitudinal wembers are loaded at multiple points. Struts are often

Placel across the invert if side pressures are heavy. Ribe in the shape

of circles are much preferred when the pressures are more severe.

2-35 DYNAMIC CONSIDERATIONS. The wechanical impedance match is near to

unity when static structures are concreted to the wall of the tunnel. 1In

this casc one can expect the imploging cumpressive stress pulse to produce
the same type of physical action at the surface of the structure as that
which produces failure at the surface of a rock tunnel. Concrete with
reinforcing will resist heavy spalliug more than plain concrete and more ‘
than & bare rock surface.
2-37 APPEARANCE CONSIDERATION. Conventional linings are usually of very
light construction in a solid or intact rock condition. What one sees as
he passes through a tunnel is no. necessarily any indication of the type o
construction .eeded for protection against explosive pulses. The appear-
ance of the inner tunnel lining surface is an important psychological
factor. This factor is kept in mind vhen designing present-day cunnels
for public use. ‘
The appearance of the inner face of tha liner is important in an
opening where personnel are to be housed or sublscted to working cond!ticns
tor hours at a time. The designer should incorporate this factor into his
tunnel liper design. ‘ ‘ y

UNDERGROUND DYNAMIC LOADING

2-38 OTRESS PULSE. An vlastic, lsotropic, and homog=nc.us medium <a31
support the propagativu of (wo types of stress pulse.; first, a direct
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stress pulse eithier teneion or ~ompression, called a dilatation pulse; and
second, a shear stress pulse. ‘The parti.le motion in a dilatational pulee
is parellel to the direction of ite propsgation, while in ti.e eheer pulse
the particle motion is perpendicular tc the direction of propagatica. A
tilatation pulse only will be generated from a symefrical explosion in the
interior of an unbounded medium. Te explosion ir practical ceses 1a act
symmetrical and normally occurs relacively close to some surface. Both
types of pulses are generated under these conditions and s complex pulse is
present. In addition, the surface suppcrts various types of surface waves.
This rather complicated protlom is greatly simplified by the fact
that the rock as a medium behaves near a free surface in a relatively
brittlc manner. That 13 to say, rock exhibits much greater resistance to
fracture by the application of compression and shear stresses than it does
to tensile stresses. The simplification comes nbout'by the conditions qf
fracture, which, due to the weakness in tension, meens that fracture is
produced by small tensile stresses vhen large sheai- and compression
stresses will not produce failure. Also, vhen a dilatation pul_s_e‘ strikes

& free surface it is reflected with a phase change of 180 degrees; thus, a

compression pulse becomes a tensile puise. Therefore, if the medium is
much weaker in tension than in shear, only the dilatation part of the pulse
need be considered since fractures at free surfaces, as 6n the wvalls of a
tunnel, are of primary intereat. A vock medium {5 not perfectly elastic,
homogeneous, and isotropic, but fuli of joints and other types of discon-
tinuities. A ccnsideration of the influence of these discontinuities on
the dilatation pulse is necessary. A dilatation pulse impinging upon a
boundary between media vhich have different physical characteristics of
density and elasticity will be reflected and refracted nunder conditions
which are not rimple. A reflected and refracted pulse of thc shear ty;e
will be generated as well as a reflected and refracted pulse of the
dilatation type. '

The intensities of the reflected and refracted pulses depend on tte
amplitude of tkhe incident dicturbance; the anglc of incidenne; the wave
shape of the incident disturbance; tue nature, size, and shape of ihe re-
flecting surfecs; the properties of the mediwn; e»d the distance from the
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boundary to the point considered. 1he calculations required for the
rigorous solution of any reflection problem are extensive and require a
detailed xnowledge of the properties of the medium. Rigorous treataoe:it
will not be attempted hera since we are interested ~eeentially in generwl-
1zatioas from tensile reflections. Certain effects will be examined using
simplified conditions.

2-39 METHOD OF DETERMININC THE EXTENT OF IMPEDANCE MISMATCHING. Reiiec-
tion and refiaction of wavee at the interface of tvo media are discuased
briefly to show the necessity of mismatching the mechanical impedance of
any two media which have differeat physical properties and are bonded
togethor. When an elastic dilataticn wave cf displacement amplitude A:l.

' impinges upon an interface, generally
four vaves are gercrsted as shown in
figure 2.16. Waves of displacement am-
plitude A and AS are refracted into
thé swvcond medium, and wvaves of displace-
ment amplitude A2 and A3 ore re-
flected back into the first medium.
Waves A2 and A“ are of the dilata-
tion type and waves A3 and AS are of
the shear type. Angle “1 is the inci-
dent asgle of vave Al,uglu X, and

.F igure 2.'16.. Rcﬂc.eu'ou 'ul Q, are associated with the reflected and
refraction zrp;:::‘::‘,‘;::“m rave refracted dilatation wvaves, respectively,
and angles ﬂ3 and 55 are associated
with the reflected and refracted shoar wvaves, respectively.

Neglecting the energy of the boundary disturbances, frormulas for
computing the relative amounts of euergy transferred to these four vaves
liave been given by Knott {12]. PFormulas for computing the relative ampli-
tudes have beeu given by Zoepprits (29], Macelwunc (14], and Xolsik- [13].
Full dsiivation and discussion of these formulas can be found in any
standard textbook on seismolcgy.

There are fo'wr seperate boundary conditions at the interface.

Thees boundary conditi.us 2*> satisfied if it is asw o4 that Huygen's
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principle can be applied to these waves. This leads to the relations:
‘ o .
sin al sin 02 . sin Pa sin o, . sin b;

c *Te * T a v,
\r >
a @ ‘a 1] b

(2.27)

vwhere g and v a 8re the velccities of propagation of the dilatation and
shear waves in the first medium, and °y and v, are the corresponding
velocities in the second mediwn. The v2locity, ¢ , of the dilatation wave

in any mediua can be computed from the relal.iun

T+u) (T -24)

N 1/2 |
¢ =[ E{1 - ) p] / © (2.28)

and the velocity, v, of the shear wvave in any medium can be ottained from

the relation
e 1/2
Vel sy m - (2.29)

The modulus of elasticity in tension, E , Poisson’'s ratio, u , and the
denaity of the medium, p , are readily available from a physical proper-
ties analysis of the particular medium.

Utilizing the proper bcundary conditiocus, it caa be shown thui the
following four relations between amplitudes are valid:

(Al-Aa)coaal+A3un53-AucOlau-AslinBS-O (2.30)
(A1+A2)nina1+A3cola3-Ahaina,‘q'AScOIBs-O (2.31)
(Al + 52) c, co8 2ﬂ3 - A3v. sin 263 - A,‘cb(nb/p.) cos 265

- Asvb(p.b/pa) sin 235‘ =0 (2.32)

‘ p‘,,.a [(ﬁ - 52). sin 2«1 - Aa(c./v‘) cos 253]

c

- °b"§ [Ak("./cb) sia 2q - As(n",'vb; cos 235] - (2.33)
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when o = and A, are the densities .. tke two media. c
By substitution in equation (2.27), the four simultaneous equations

(2.30), (2.31), (2.32), and (2.33) may be solved to give the amplitudes of

the reflected and refracted pulses in ierms of A1 5 Llic amplitude of the

incident 3ilatation pulse.
The effect of the mechanical impedance mismatch of any two media

which are bonded may be determined. ‘The above considerations define a

method for treating the very general case where a dila‘ational pulse is

impinged at some incident aungle to an interface between any two media.

Betirring to the walls of a tunnel, it 18 true that the explosive pulse

will generally fall into this general caege. Howuver, the energy distribu-

tion is rather complex and the evaluation of all the factors involved is

not practical. Since the damage of greatest interest occurs when a pulse

impinges at normsl incidence to a free surface, the following simplifica-

tions of the gencral case are discussed: (a) & dilatation pulse impinging

at normal incidence to an interface between any two media considerec to be

integs -1ly bonded, and (b) a dilatation pulse impinging at normal incidence

to a free surface boundnry; .

2-b0  NORMAL INCIDENCE--TWO MEDIA. Because of normal invidence, angle a, -

is zero, and from equation (2.27) all other angles are zero too. Substi- '

tuting equation (2.27) into the four equationa (2.30), (2.31), (2.32), and -

(2.33) shovs that waves A3 and As anish 0 that only dilatation

pulses are generated. The solutions for the ratios between displacement

amplitudes A,/A, and A, /A, are then found us:

RE LAY -7 - T Sy

[SPER- UL

_Ag pbcb N pﬂc.’ (9 -t
RN

and .
A 2p_c , L
4 Pa’a (2.35) ‘

q_- Py + pccn

Equations (2.34) and (2.35) will provide relative displacement aupll-
tudes o the reflected and refracted dilatation pulses A, aci A, as
compared to the inciden: puie + . :
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‘fhe value of the amplii.ie of the normal stress just before a wave
strikes a bcundary at normal incideuce is:

o, = 27 Ajc,e, (2.30)

where f is the frequency of the wave.
The values of g . , the nom2l stress in mediun & , wod g , the
normal stress in medium b , aiter the wave % bhas reacted witu the bound-
ary are given by: '
O ™ °rf (A]_ + Ae) C.Pa (2.37)

b = 2F My (2.39)
These equations apply to all harmonic waves of any frequency and
therefore will apply for pulses of arbitrary shape. .
The condition that the boundary is bonded requires %a ™ %ob ? thus

%nb A'rbcbp'b
—— N ve——— (2'39)
% A%°
or, from equation (2.35),
b 2y (2.40)

an p‘c. + °b°b

Equation (2.34) shows that the smplitude of the reflected vave de-
pends on the quantity ("bc‘o - p.c.) and no vave vill be reflected at normal
incidence vhen the prcduct of the density and velocity is the -~ ‘e for tiw
This product "pc" is referred to herein as the 'mechanic:1

two media.
Equatior (2.34) also shows that when the mechas-

impedance” of the medium.
ical impedance of the second medium (medium b) is greater than that of the

first (medium a), the amplituds of the displscement on reflec!on 1is of the
same rign as that of the incldent wvave. The amplituds changes in sign vhen
the mechanical impedance ¢/ thu second medium is lower than that of the
first, and there is a change in phase can reflectiou. A compressive stress
pulse of sufr.cie .tly 'irge amplitude txaveling « & medium and impinging
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at normal incidence upon a free surfuce mey cause a tensile frecture. A
dilatational and a shear pulse are produced when a compression rulse im-
pinges at other than normal incidence. The interference of suck reflected
pulses gives rise to very complicated stress distributions and the super-
position of several reflected pulses may produce tensile stresses which are
sufficiently large to cause fracture.

2-41 TLLUSTRATIVE EXAMPLE. The importance of impedance mismatching cai be
demonstrated best Ly the following numerical exami..o considered for pormal
ncidence of the pulse and assuming the media are well lLcaded. v

Physical properties for sandstone, granite, concrete, and a sard
cushicu material for this evemple are as follows: '

Weight ' Mass Density Mechanical
Young's FPoisson’'s Density v 1b-aec2 Long Impedance
Modulus Retio (w) ( - -), Velocity (o0) lb-sec

Material (E), psi {p) 1b/cu £t 8 _{c), fps ’ cu ft
Sandstone 2.8 x 10°  0.hk %o L.35 17.3 x 10> 0.75 x 10°
Granite 5.6 x 10°  0.25 168 5.22 13.6 x 103 0.7 x 10°
Concrete 3x10°  0.10 150 4.76 9.7 x 155 0.45 x 10°
Sand cushiva 1 x 103  0.20 150 .76 0.185 x 103 0.009 x 10°

Consider the case of the wave passing from the sandstone medium
through the interface into the concrete medium. The ratio of mechanicai
impedance of concrete to that of sandstone pcc.c/p’ sc" is 0.45 x 1‘.05/
0.75 x 10° = 0.50, and the ratio of stress in the concrete to that in the

sandstone from equation (2.40) is:

% 20,8, 2 x 0.45 x lC)5
a_" - o ¢ + 0o - Senem— — s = 0075
ss s6 88 e e (0.75 + C.b5) x 10

Next, consider the case of the wave pussiug from granite to concrete.
The ratio of mechanical impedance of concrete fo granite Po c /p c is
10.45 x 10°/0.71 x 10° = 0.63, and from equatioa (2.40) the ratie ot stress
in concrete to grenite o(__/ug 1s 0.9/1.16 = 0.78. Thus, the etress in ths
concrete is not reduced substantially and the stress pulse in the medium
is well coupled to ithe concrete.

Next,, assuxs thet a layur of sand cushion is plaved between a rock
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wall and a concrete liner. The mecharicel impedance rautio for sand cushion
to sandstone p_ ¢, [o_ c . 18 0.009 X 10° '0.75 x 10° = .012, and to
granite n_c Joc. is 6.009 x 10°/0.71 x 10° = 0.013. The struss ratic

for the sazgszgnegcise from equation (2.40) is 0.01870.759 = 0.02i+, and for
granite is 0.018/0.719 = C.025.

The pulse in passing througn the sand cushion is conpiderably reduced
in intensit;". Consider the stress in the liner for these lasi two cases in
terms of the stress in the original wedium. irom sandstone to sand cushion

to concrete liner,

2 o 45
- - L 2 X U = 0. ’
c/uss 0.02L x 'T.'F*j_g" 0.047

ard from granite to sand cushion to concrete linper,

Ty

; .2 x 0.4
oc/ag = 0.025 X —0-_1-@4 = 0.0k9

Thus, the stresses hav: been reduced to about 5 percent of that in the
original medium.
2-42 FREE SURFACE INTERFACE. A free surface, such as in a tunrel, pro-
vides pear zero impedance matching at tke boundary. Only two pulsie Of
importance, a shear pulse and a dilatation pulse, are gencrated and e«
flected when a compressional pulse strikes a free surface. Nearly all the
incident energy is reflected in the dilatation pulse which is now & tensile
stress pulse.

The angle of reflection of the shear pulse is given by (6]

May G, [2 1 - ]1/2 | (2.51)
sin 63 \A l -2 . s
vhere

o - the angle of incidence

63 = the angle of reflection of the shear wave

cg the propagat.on velocity Af the dil=tation vava

Vo tne propagation velocity of the shras wave

4 « Foleson's rat1o
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The angle of reflection of the dilatatiou pulse is equal to the angle of
incidence.

Assuming that the refracted pulse amplitudes at the free bouadary are
zero, the folicwing formulas give the relative aspliiuies of the reflected
dilatation and shear pulses in terms of the amplitude of the incident
dilatation pulse Lt a free plane boundary {G).

2
i ; : 2 A
sin a;l ein 2ﬁ3 “\7 ) cos .‘,83
a

% = 5 (2.42)
.. Ca 2
sin 201 sin 2&33 +<:;;) cos 233
Ca
2 -_;;- 6in aa1 cos 253
(2.43)

WL

[ %a Y 2
sin azl sin 233 + -v—;- cos 263
These equations apply to all harmonic waves of any frequency and

therefore will apply for pulses of arbitrary shape. In equations (2.42)
and (2.43), A, 1s the displacement amplitude

of the incident ailatation pulse, A, 1s the
displacement amplitude of the reflected dilata-
tion pulse, A3 is the displacement amplitude
of the reflected shear pulse, and the other
symbols are as previously delined.

Figure 2.17 indicates the result of plot-
ting A2/Aj versus the angle of incidencn " r
a Poiuson's ratio of 0.15, 0.25, and 0.35. Take
the case where . » 0.35 as an exampls; the
graph shows that ¢he amplicude of the reflected
shear vave is a maximuu at an ancle of in- idence
of abou* 4B dcgrees. Its emplitude is then a
little greater than that of the incident w've.
Figure 2.17. Reflected The amplitude of the reflected iUstation wive

amplitades [or plane dilatation
wove incident ot free surface is » minimum at an angle of .ucidence of sdout
bh
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65 degrees. At grazing incidence no distortion pulsc s reflected and
AE/A]. again becomes unity.

Relatively large amplitudes nf the shear wave are reflected i‘or
angles of incidence between 15 and 75 degrecs. For angles of incidence ve-
tween 50 and 80 degrees, the reflected dilatation wave has & relatively
suall amplitude; for low values of Poisson's ratio in this renge of inci-
dent angles, the reflected longitudinal wave is in phase wilh the incidznt
dilatation wave, that is, an in~ident com..cseive pulse is reflected as a
compressive pulse and a shear pulse. The energy of the initial dilatation
wave at the boundary is distributed between the reilected dilatation and
shear waves, and ir ~jven by: A

energy of initial dilatation wuve = energy of re-
flected dilatation + energy cof reflected shear

or, in terms of amplitudes and angles of reflectﬁ.cm this may be written as

A2 A8 8
2 sin 28 ' ‘

Al Al sin 2a1

The energy density of a shear wave is lese than that of a dilatation
wave of the same displacement amplitude, since the ratio of sin 2‘..‘33/31;1 201
is always less than unity. This is further substantiated by the fiot tnet
the shear wave is reflected at an angle less than the reflected dilatation
vave angle, which requires that the width of the reflected beam of the
shear wave will be greater than the width of the reiiected dilatation beam.
Hence, the energy density for the shear pulse must be lower on reflection
for equal displacement ampiitudes than the dilatation pulsc. 2Zquatin:
(2.44) applied to the amplitude functions shown in figure 2.17 indicatea
that the conservation of energy nas been waintained. v

Figure 2.18 illustrates the stress dist~ibution at various stages

' when a plane compressional pulse of trisngular shape 18 rei.ected at right

angles to a free surface. The resultant stress, indicated by hesv; snlid
lines, at any point during reflecticn ie obta.ined y adding the siresoes
due to the incident and reflected pulses whicl. a.:.... shown by 5he thin lireg
in each {ligur:, whii: the broken line corresponds fo the portion of the
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mlse which has already been re-
flecved. Figure 2.18e shows the
pulse approaching the fiee Luundary,
I{ . figure 2.1lti chows the disiribuiion
4 when a part of the pulse has been

H
Swiwss
Tenseor
i
[ -

b/ T T \ / -eflected but the stress itill 2ca~
Vo~ i sists entirely of compression,
figure 2.18c 1z a slightly later

~ ~
' e !\ ‘ ..\ . ;
Tl ; .,"_______.-.:x._f_..__ —-.._, stage when some tension has been sect
i'\, i\/ up near the boundary, and in figures
P A 2.184 and 2.18e this tension has

Figure 2.18. The tensile reflection of spread and the stress 18 entirely
triangular compression puize at normal in the form ~f tension. In figure

i"“‘_*"'“ to a free boundary 2.18f the reflection 1s completed
and the tension pulse is of the same shape as the incident, campression
pulse.

As can be seen in figure 2.18, appreciable tenslnn will first be set
up at some distance from the free surface and i{ is here that fractures
will begin. Once a fracture has started, the rest of the pulse is re-
flected at the new free surface formed, so that & series of approximately
parallel cracks nay be produced when the amplitude of the stress pulse is
sufficiently great. BEach time & “racturc i1s formed a certain amount of
forward momentum is trapped between the fracture and the new free surface.
If the fracture extends sufficiently for a piece to be broken off, it will
fly off with the momentum trapped in it. This fracturing process may cou-
tinue such that a series of pieces follow each other in flying off +*~ suc~
cessive free surfsces. The frocturing process is limited to that region
where the resultent tensile stress exceeds the tensile strength of the rocic.
2-43 LABORATORY VERIFICATION AND APPROXIMATED FRACTURE PHENOMENA. The
fracture of brittle materials by reflected tensiie siress is frequc-nfiy
observed in the laboratory. In recent work [21], Rinehart haa been uble
to explain quantitatively, on the bosie of reflected teusile streass, the
scabbing of a surface of a metal plate by the detonation of an explosive
charge against the cpposite face of the plate. Accord . g to Rinehare,
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the number of layers, n , :ormed in the scabting prucess is the firet
integer sm&ller than the ratic aa/om » Where % is the peak compressive
stress of the incident wave, and o  1s the tensile strength of the metal.
The thickncse of tie layers devends on the siape and Jength of the falling
rart of the incident pulse. Where the stress curve falls steeply, thin
scabs will be formed; as the slope of the stress distance curve decreases,
the thickness cf the scabs increases. The total thickness of the scabblrg
is one-half the distance in whick the comprc<sive stress of the incident
pulse falls from % to o, = bg, . Rinehart celeculates stress from the
relation g = pcv, vhere ¢ 1s the stress, p the wass density, c the
seismic velocity, and v the particle velocity, and develops a relation
between the particle velocity and the velocity of ejection of a pellet.
Thigs mechaniem, used to explein the scabbing of metal, may be used to ex~
plairn the tyre of damage to rock in the recent underground explosion
tests [6]. The two pbenomena are much the same. The assumptions that thev
stress wave 1s plane and is not attenuated apprecisbly over a distance
equal tc half the pulse length, and that

the material is uniform, probably do not ¥
hold 8o closely for the work with rock /4‘]":' i P free srtene
a8 for Rinehart's work with metal. o o el ;] i
Consider a saw-tooth pulse in com- o 2
pression with an abrupt ris. wuve front :‘_‘: —
impinging against a ree surface as in - s e s
figure 2.19a. When this pulse strikes » NZ
the plane free surfuce and is reflected, “.d
A ot et e

tension is formed immediately. After Fuet troe sx:1ase
-_/ _:3£ F'I. ‘
tec)

the reflected pulse has traveled a

distance L/2k , shown in figure 2.iSh, -] o e teee
the first spall will occur. The heavy 0 N -

line shows the resultant stres: pulse, . RM.' - ———
while the dotted line shows the on- BT 4‘[ g

coming compression pulse i the
Figure 2.19. Spalling process due to a
sav~s00th comprossion puise at normal

tensile strargth 2 th. cck is8 o ine.dence to a [ree boundary

t’
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and L 18 the pulse length. Afte- the [.i.ct break, the spalled rock moves
awvay with velocity vy ard a second free su.'tace is formed with the re-
maining part of the compression pulse acting upon it, as showa ia fimue
2.13¢c. Again upon reflection tension is formed, ard vwhen the reilected
pulse has traveled a distance L/ok another break will occur if

(koy - 0,) >0, , 1.e. 1 k>2 . Thie 1s illustrated in figure 2.19d.
The second spall moves away with velocity Vo and a third free surface
is formed as indicated in figure 2.15e. This process will continue n
times until (kot - nat) <o, . The important fact is that the rock frac-
{ures occurring at a particular locatinn do not occur simultaneously, but
in successive stages. Each fracture is separated by a short interval of
time., Thus, the tunnel liae. is suljected to a series of impacts for a
short pericd cf time. |

2-44 FALLING AND FLYING ROCK. In the previous section the production of
falling and flying rock resulting from the fractures caused by the stress
pulse is discussed. ' The ' t, size, and velocities of such fractured
rock are discussed 1z EM 1110-345-434. Ip that manual four degrzes of
damnge intensity are described and regions of similar damage intensity are
denoted as zones of damage. The zone of a given intensity of damage is
designated by a number.

The distances from explosion to free surfuce at vwhich various in-
tensities of damage will occur on various types of rock depend upon the
nature of the rock, the size of the explosion, type of explosive, etc.
These factors are discussed in EM 1110-345-434.

The zones of damage are briefly described as follows:

Zone U4 damage indicates very light, spotty damage which probably
results from dislodging previously brokern rock. The geuiogic mu.uce
ture present determines to a large extent the size of the fractured
pieces. For instance, for a tunnel with a long transverse vpan end
in which bedding is nearly horizonta. and = foew inches apart, iairly
large pieces might fall in this zone. If, on the other hand, the
tunnel is in rock with bedding steeply inclizs? to the horizuntal or
with no bedding, the failures would probabiy be restricted tc the
areas vhere tunnel fracturer and cracks were produced in solid rock
by the driving process.

Zone 3 indicates qoihrcto continuous damege over the region of
the tunrel pesiphery closest to the explosica. Thlu is e regics
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O vhere a stress pulse b s sufficiert amplitude to cause fracture in

80lid rock. Single or pultiple ~nalls can result in this region.

The pieces are not very larg: as the pulse in this region has Jjust
sufficient amplitude to cause single or double spalis. ‘he eize of

the spalls is not controlled by the rock conditions rnd streagth _
alone, but also by tne ehape of the dilatation compression julse. i
The shape of the pulse, its length and general slope at pulse front
aud rear, controls to a lacce extent the size of the epalled pieces.
The general pulse ehape enccuatered in the recent underground ex- :
Plosiocn tests [6] 18 approximated by that in figure 2.19. In zone 3, :
the size and velocity of the rcck pleces produced by the pulse are L
controiled by the geology, rock tensil~ strength, and pulse shape. *
In practice one finds that the structural planes of weakness have a .
large effect upon the size of rock pieces brcken free by the pulse.

The initial flyrock in zone 3 has a velocity between 2 and 30 fps.

Zone 2 ipdicates beavy damage continuous over the region of the
tunnel periphery closest to tke explosion. This is the region where
the stress pulse is large enough to cause multiple fractures in solid
rock. The size of the pleces of rock is not much larger than the
maximue for zone 3 but the maximum initial velocities are probably
twice as great; thus, the energy of the rock frasgments is about four
times as great.

Zone 1 indicetes complete breakthrough from the surface., Pro-

tection against zcne 1 Zamage is not belicved to be feasible; there-
‘ fore, no further discussion is given. : ‘

’

el

DESIGN CONSIDERATIONS AND CRITERIA

2-45 DAMACE FROIECTION. I-amage o the type exhibited by zone 4 ig similer
to the type of failure commouly known as “"popping rock" condition. Protec-
tion ageinst this kind of damage can be provided by simple means as the fly-
rock fragments are small and their velocities low. The use of roof bolts
vould probably be ineffective as the mujority of the spalled pieces u=e
only a few inches iu size. A screen suspended fram the roof that would Z
deflect or huld the spalled or loosensd rock and keep it from falliry .
would usually be sufficient. Any light tunnel lining which would bond the
surface would be adequate. ‘ - | ,
Zone 3 protection is not as simple as protection for gone 4 types of
damage. Structures ars r-quired which witl funciion us followe:

\ (1) Posure that isolation from tunnel wall rock 1s obtained 5o that
' tbe josding pulse is not transmiticu directly to Lae inner
. tunied suiucture.

e
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(2) Provice abllity to absort energy .aused by the impact blm-'n
from the flyrock.

(3) Provide ability to carry the dead welght oi’ the rock *roken
from the tunnel.

The distance between the structurc and tke tunnel wall should be kegi
a8 small as possible. 'This will keep the free-fall veloéity of fractved
rock to a minimue and reduce the resuitant impact loading upon the struc-
ture.

‘ Protection against zone 2 type of damage requires aa inuer tunnel
structure somewhat more sturdy than that required by zone 3. As in the
previous case, the structure will have to be designed to carry out. the same
turee functions. However, in addition, the structure should provide a
mechaniem for distributing and softening the impacts of the high-velocity
fractured rock, as well as ‘supporting the larger static loads. A material
should be placed between the structure and tunnel wall which will nct allow
direct trahsﬁiauion of the pulse into the structure but will disuribute and
soften the impacts. GCranular materials, such as sand and crushed sione,
will be adequate when placed between turwmel wall and structure. This mate-
rial should completely f.ll the space and provide a thickness of 5 to 6 in.
2-46 DESIGN LOADS, Tunnel structure dcsign loads for the various intengi-
+ies of damage for each zone type have been determined {roam the field
tests [7, 8]. The magnitude of the loads to be sustained depends, of
course, on the eize of tbe tunnel.

The prediction of design loads depends on the ability to determine
the quantity of flyrock or fractured rock and its velocity. It 1s assumed
that the total amount of fragmented rock is irviependent of the argular
position of the region of the tunnel that is subjected to maximm Jamage.
'The vertical rouk load resting on the structure is variable and will de-
pend upon the angular positicn of the [{rugmented scuilon relative tc a

vertical section through the center line of the tunnel. JFigure 2.20 ‘ndi-

cetes how the structure loading is dependent upon the au;ular pusition of

the fragmerted rock.
The amount of fragmented rock to be used for desiy- purposes is

calculated from a coceideration of the damage area. The dsmage area is
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BOTE W .nensies wiars oY Wirligtl geb oed repting oo luonsl.

the area of the tracsverse tiuunel ses*iou § raeas sesa o sintest of fiapascisd e
(square Peet) after blast minus the area
of the transverse tunnel section at the
seme tunnel station before blact [6].
Figure 4.20 in EM 1110-3L45-L3k shcus
the relation between the scale chirge-to-
tunnel distance and the tuonel demege area | '
directly under the charge and the zone b
clagsification of damage. Addicional dsta
pertaining to tunnel damage areas along
the length of tunne. iu givzn in table Lo
2-2, pege 2-25, of reference (6], a part Figure 2.20. Position of fragmented
of which is given in table 2.3. Inspec=- rock on tunnel after esplosion
tion of these two sets of data allows one to reach the conclusion that for
tunnel lining design purposes only, & zone classification of dswage is

§ atnois guier b1 avee o) egmenied rosd.

Table 2.3. Tuanel Damage-Damage Area at Outer Zone L:mits

Tunnel Zone Zone | Zone Zone Zone | Zone
- Diam- 1A 2A 3 1B 2B 3B
r eter Area Area | Area Area Area | Area
Round 't e sq ft |sq ft |8sq ft |sq £t |sq £t )| sq £t
807 6.84 6 20.02 4.01| 0.60} 20.02 - -
&8 6.8“ 6 - 3.01 1.00 - 3.37 (8 0&
809 10.26 6
810 13.68 6 - - 1.30 - - 2.40
81.1 13.68 6 - 80& 0.& b 6.61 1.”
812 13.68 6 .- 1k.00| 1.00 - 12.00] 2.51
813 21.55 6 .- 11.981 1.5 .- 11.00}| ¢.30
814 34.2 15 - 34.97 | 10.00 - 27 5] 8.00 )
615 3“-2 15 @.25 h5003 ’hm "901@ hadnd ~e
816 34,2 15 384.81 | 76.96| 4.99]|600.03| 67.02| ==
817 68.“ 30 - 3710!18 10-15 - 193022 hadad

Note: The damage ares is tbe.uu of the Transverse tunnel section {uquare

fect) after blast minus the area of the transverse tunnel section st
the same tunnel station before blast; T is the characterist‘e
length (feet) numericelly equal to tle cube rout ol tue charges :ight
in pounds.
The letter A, included as part of the v.ne aumber, refers to the

<7 zove towmrd the tunnel portal aud ~ to the zone toward the
tunne) tace.
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Justi?ied because of tlLe large spr.xi in the cbserved demage areas under
the various experimental conditions. Also, the variables of each tunnel
site, and tne rauge of weapons that may be used egeinst it for ddmays, &re
so great that any sttempt to predict the possible exvcit of damage closer
than a zone classification cannot be justified.

Averege values of the expected per.ent demage areas for the various
zones cen be obtained as follows. Tuble 2.3 shows that the average dmnéee
area for the outer limit cf zone 3 was 1.19 sq ft for the 6-ft-diameler
tunnels. This value multiplled by 100 and divided by the original trams-
verse area gives 4.2 perceit damage area. A similar computation for the
15-ft-diameter tunnel gives 3.8 percent damage aren. Likewise, computa-
tions for zome 2 outer limit yield for the 6-ft tunnel 29.4 percent damage
area, and for thé 15-ft tunnel, 28.5 percent damage ares. It should be
noted that the percent damage area in zone 2 beccwes very large as zone 1
is approached. Designing tx_mnel linirgs for protecticn against more than
an 80 percent damage area does not appear practical; therefore, this value
is arbitrarily selected as the upper limit of zone 2.

For design purposes the percent damage ares at the upper limit of
zone 4 and the lower limit of zone 3 is arbitrarily ruunded off at 5 per-
cent; likewise, the percent damage area at the upper limit of zcne 3 and
the lower limit of zone 2 is rounded off at 30 perzent, also the upper
1imit of zone 2 is set at 80 percs t. Th. expected scale charge-to-tunuel
distances for these various percent damage areas can be obtained from
figure 4.20 and are summarized iz table 2.4,

The maguitude of the maximum velocity of the fractured rock varies

Table 2.4. Probable Percent Damage Area of Each Zone

Zone Scale Dif stance l Parcent Damaged Area
u 6'0 0"5
3 4.0 ' 5«30
2 2.5 30-60
1l - breakthrough
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' from zone to zone and within each zone. However, the vclocities of the

first pleces to fracture at any point in & particular zonc are much greater
than the velocities of the last pieces to fracture during the pericd of 3

damage. Prcbably the last piecea to fracture have little if any initiel i
velocity. Table 2.5 is a listing of the probable maximum velocities for j

spalled rock in the various zones an obtuined from EM 1110-345-434.
Table 2.5. Probable Yaximum l‘elociu'{s of Spalled Rock

Zons Scale Distance \ielocity Range, fps
6.0 0«2
3 4.0 2-30
2 - 2.5 30-60

For design purposes, the impacts which the iuner tunnel structure

receives should be considered as successive impacts. The first impacts

are derived from small fragments at high velocities, and the last impacts
‘ are associated with relatively larger pieces at relatively lower veloci-
ties. Therefore, the energy rer impact is some fraction of the total
energy. The total energy can be calculuated by using the total mass of t“
rock dbroken per foot of tunnel associated with a velocity of half the mex-
imm velocity for that zone. The fraction of the total energy per i:pact
recommended for design purposes is for zone 2, 1/10, for zone 3, 1/5, and
for zone 4, 1/2. There is nv experimental data availzble for the dynamic i
loading of inner tunnel structures resulting from underground explosions.
The above recommendations are based on field dats and chser. _>ns resu's -
ing from the experiments of the Corps of Engineers [1], in particu.ar,
high-speed motion pictures, Rinshart's ticory of fracture, and She approgi-
mated phencmena of fracture (paragraph 2-43). Probably most of the energy
is dissipated from each ixpact before the next impact occur: .. This ie held
poosible eince the time difference is great esnough between sach i:..pnct{ |
Tho high-speed movies indicated tha* the fracturs phencmerna were 2vre. i
over & largs nusber of frames st & speed of L0)-Elt) frames prc second, and
thus jJustify a time ciissipation of energy.
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2-47 TERMINAL STATIC LOAD. The final static load resting upon the inter-
nal tunnel structure depends upon the quantity of rock broien irse from the
tunnel wall surface, and the distribution of thnis hroken rock arcund the
periphery of the iirer. The daasge will vary for any given explosionm, aad
depends primaiily on the distance of ench point of the tunnel with respect
to the explosion. This damage is cheracterized by the designation of zones
explained previously. In any design fcr protection, a selection of the
maximum protection desired for the whole tunnel wo..d need to be made, such
as protection against zone 3 loading, etc. The quantity of rock fractured
per foot of tunnel can be determined [6) by utilizing the infcrmation given
in tabl: 2.k,

The angular location of the explosion and the distance between the
tunnel lining and the wall surface determine what portion of the fractured
rock will need to be supported by the tunnel. The broken rock will dis-
tribute somewhat uniformly over the upper regicn of the lining vhen the
explosion is directly overhead. Most of the broken rock will suliport it~
self if the explosicn occurs directly out from the eguatorial radius. If
the initisl distance between tne inner tunnel structure and the tunnel wall
surface is small, or if a crushed stone cushion is used between this pré-
tective structure and the tunnel wall, most of the broken rcck will remain
in place no matter where the explosion is angularly located. Tf a large
open space is left between the provective structure and the tunnel wall,
then broken rock will slide off the lining and build up around the lining
from the bottom. From the static design viewpoint each position of damage
peeds to be exzmined separately. Keeping the distance between the internal
tunnel structure and the tunnel wall small will reduce the terminal scacic
loading by utilizing wedging and arching action of the brokem rock. It is
easier to prevent rock motion than to egtop it. ‘

2-48 ADEQUACY OF CONTACT LINERS. As stated before, one of the maian funce
tions of a structure or liper for protection against urderground sxp.osive
loads is to provide as close to a zero mechanical impedance mutch as
possidble. While an open space provides nearly a perfact miematch, it
allows other types o loads to be greater than need btv. ‘als mismatcudng
of “he mechanical Liapedance cau be carried to a high degree by placing any
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kind of material that has a luwer density than the rock medium between the
tunnel liser and the tunnel wall. A granular material with a high per-
centage of voids is particularly effective. If any present typs liner 18
insulated from the tunnel well by such materia’., tad is strong enocush to
carry the static load resulting from the explosive shock, it could well be
called a good protective liner. Howover, a major point of iuportaance is
that liner foundations should also be cushioned from the solid r.:k by a
granular material such as & send and crushed etone layer'. This is eescn~
tial to minimize the transmission of the pulse to the liner by way of the
foundation, and to abscrb any impact vibrations that may exist.

2-.9 CELECTING ADFQUATE PROTECTIVE LINERS. The liner required for sde-
qQuate protection will depend upon the type of rock, the depth of the tunnel,
the function of the tunnel, and the kind of wespcns which would be used
against the tunnel. Under cne set cf conditions a tunnel might require no
liner for protection against bombings, while the same tunnel under another
sel of conditions would require liner protection. The limits of antici-
pated d.amage can be obtained by rpplying the principles set dov- in BM
111G-345-434. It is obvious that if any underground installation is sub-
Jected to atomic bomb attack and the bomb can btring about damage as in
zone 1 with a breakthrough occurring, the whole tunnel in that region be-
tween the blast doors viﬁ become completely contaminated. Therefore, the
minimum depth for adequate p.otzctiun must be greater than the distauce

to effect a zone 1 type of damage. Whether or not it would be more prace
tical in each case to go deeper or to provide protection against zone 2
type of damage depends on the actual situations met in each case.

2-50 DETERMIRATION OF DESIGN T.OADS. The design loads are ascertained
after the intensity of the type of damage is established for which pretec~
tion 1s desired. The design procedure for each case of zone 4 type tmrough
zone 2 type of dumage protection may be slightly varied. It may be pos-
sible, for instance, for a siigle liper tc p.ovide all the ne~assary pro-
tection even where the pasic rock is of such s nature that artificial
surports are secessary to waintaiuc a statically stabls opening, and wh: .z
protacticn 1is also aecessery against explosive lioude, Thus, & single iiney
can serve %o basic fi..tions. This migh! be c& .ied cut by simply
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providing a layer of granular material between the lirer and the walls and
roof of the tuunel..

Figures 2.21, 2.22, and 2.23 indicate some ideas of what rmay be done
t- meet varying corditions. The designer can vary “re comstruction to meet

Pockong of crvohod soch ot
b AT Poctong ol crosiid roch aet
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Figure 2.22. Typical insernal structure--
horseshoe or circular shape-for zones 2 and 3 horseshoe or circular shape—for zomes 2 and 3

Figure 2.21. Typical internal structure--

the particular conditions adhering
only to the principles set forth in
this manual.

After the size of opening is zet
end the degree of damage protection
determined, the loads are cvaluated as
set fortk berein. M 11iU-345eu434,
figure 4.22, establishes & correction
factor to i used for tunnels where

Pochong of srvthed sark
"ty sacont Fm moe

IR the tunnel scale diameter is greater
Figure 2.23. Typical internal struciure-- than O.4k. This correction factor
flat arch—~for sones 2 and 3 miltiplied by the predicted damasce

area ce set forth in figure b.20
gives valu2s in agreement with experimental observatisus. This corzuevion
fi:tor may be applied in the same way to the vulues given in table 2.4.
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Tre following example ir gives tu illustrate the use of the design
principles in order to determine the de.!gn loads, Lotn static sud dynamic.
and to determine a value of wall thickness for a reinforced -concrete struc-
ture. An average value of 3 in.-1b pai cu in. for reinforced concrete has
“een assumed as the energy absorpiion factor. This factor will vary de-
pendicg upca tke type of construct!~n material used and the size and chape
of the structure. Therefore, the encrgy absorption factor should be deter-
mined for each installation.

2-51 ILLUSTRATIVE EXAMPLE. Assume that a tunnel of the type shown in
figure 2.20 ia to be designed and tuilt to provide protection from bombing
attacks. Thc specific usa of this tunnel requires that protection be pro-
vided for expected zone 3 type damege as caused by 'a bomb containing '

- 25,000 1t of explosive. Assume that the tunnel is located iu rock and at

a depth such that it will be subjected to this type of demage. Assume that
the bomb detonates directly over the tunnel such that the maximum weight of
spalled rock rests upon the full width of the tunnel lining.

The tunnel is to have approximately the following dimansiops: width
(or diameter), 12 ft; height to spring line, 6 ft; radius of circular
roof, 6 ft.

The scale diameter is given by

o3 . 22/(25,0003 « 0,81 < ok

Since the scale diameter is less than 0.4k no correction factor need
be applied to the damage values and the percent damage area can be read
directly from table 2.4 as ranging from 5 to 30 percent. For meximum nro-
tection the 30 percent value will be used. The damaged area expected iy

2
A
2 +l2_X6] = 38,6 8q "t

0.30 x the.trmvene arel = 0.30[% X
The total weight of fractured rock ie

38.6 sq £t » 130 1b/cu ft = 5018 1b/ft of tunrel length
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From paragraph 2-46 for zone ° type damage, the energy per ilmpact
facter is 1/5 of the totel energy of the totws. mass of rock broken per foot
of tunnel length. Therefore, for impact deeign the weight of rork pev
impact is

1/5 x 5018 = 100k 1b/ft of tuunel

From table 2.5 the velocity range or fractured rock is from 2 te
30 fps. Again from paragraph 2-46, half the maximum velocity is uged,

therefore, v = 30/2 = 15 tps.
So, the energy per impact per foct of tunnel is

1/2 x mass X Ve = 1/2 x (weight/gravity) x (ve;l.oc:tt;y):2
= 1/2 x (1004/32.2) x 15 X 15 = 3508 ft-1b

Now permittinz & factor cf absorption of 3 in.-1b per cu in. for reinforced
concrete, the thickness of a concrete lining can be calculated. The energy

of allowable absorptlon must equal the energy placed upon the structure.
S0 for one foot of length of lining the - -mitted «bsorpticu is spproxi-

mately

[-3"; x 5 x diameter (ft) + (2 x spring-line height (ft) + width (ﬁ;)]
x thickness (.t) x 3 im.-lb/cu in. x 14 sq in./sq £t

-[él-xux12+(2x6)+l2]xtxh32£€‘-;ﬁ—?1

= (6 + 24) 432t = 18,511t fe-1v/ft

This factor is equal to the energy per foot of tunnel per izgact, and the
lining thickness 1is

08 | I
t -ﬁ%ﬁ- 0.1895 £t = 2.27 iu.

For static considerations, after the rock hLas scttled ut rcst, aud
ass'miiLg tue worst condition where the total weight of the broken rock
rests upon the tunnel 17ning, the static design would ur the above
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calculated value of 5018 1b ,.:r foct of tunnel length, or
%{—8 = 418 1b/ft of tunnel width

It apjcars thet dyuemic considerations o che desiga of ﬂ.he protec-
tive lining for this particular tunnel can be eliminated. Any thickness
greater than t = 0.1895 £t will pz..vide the neceésa.ry dynamic protection,
and a greater thickness than tu1s is generally necessary to evesn build such
a structure. From various handbooks on tunnel lining design [7] tables are
available fram which the suatic design can be completed when the load per
foot of tunnel length is given. f7ables 1 and 2 of refcrence [7] show
clearly in this example that the statin load is very small and a minimum
deeign 1s all that is needed.

Table 2.6 is inciuded to give scme examples of computed statlc and
dynamic desige loads for zones 4, 3, and 2 on & 9-ft-, 12-ft-, and ls-ft.-
‘ dismeter opening.

Table 2.6. Static and Dynamic Design Loads for 9-ft-, 12-[t-, and 15-fs-Diarmeser
Tunisels of Assumed Circular Cross Section

. Wt of Biroken Rock
Damage Arca, sq ft 1v/ft of Tunnel
Da::;e Tunnel Diazeter, fi Tunnel Dismeter, ft
Zone Area, % 9 12 15 9 12 1
L 5 3.2] 5.7 | 8.8 420 40 1,200
3 30 19.0 | 34.0 | 53.0 2500 4,400 | 6,900
2 80 51.0 90.0 | 140.0 6600 12,000 18,000
1b/ft of Tunre) Enevay per Impect i
per Impact . per £t of Tunnel, ft-1b
Impact Tunnel Diametur, v Tunnel Diamete:, ft
Zone Factor 9 12 15 9 12 15
1/2 21c 370 | 600 3.3 5.7 9.3
3 1/5 500 88c | 100 L0V 3,400 k,90c
1/10 660 1200 | 1800 G609 17,000 25,000
—Jb- .
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2-52 NATURE OF LINER. The shape eud size of the opénir.g for functional
purposes and the type of rock and failures anticipated will determine the
design features of the inner tunnel structure or liner. The deptn of
tunnel from tomh penetration viewpoint determines *hc kind of foundation
that will be must suitable. For small tunnels, the inner tunzel structure
may be as a ring or rigid frame of simple constructicn that can witnstand
relatively heavy loads. Unlier certain ccnditions some kind of bracing
structure might be desirable from an economic viewpint for large opealings.
As an example, if a wmultistory building were to be placed in & large open-
ing, an inner structure for protection might well be & system of rigid
framce of' the usual building type designed tc withstand the dynemic rock
lcuds. Figures 2.21, 2.22, and 2.23 are typicel simple unscaled desigus
consistent with the desisn‘ principles of Lhis manual and ere presented to
indicate some ofvthe possibilities of intericr uad exterior shapes. The
designer should vary the shape to provide economical driving of the tunnel
ac well as to meet the functional purpose of the tunnel for safety and

efficiext use.

2-53 PFOUNDATIONS. The inner cunnel structure should be supported on some
type of foundation. In most casee the primary pulse will not strike the
foundation directly; i.e., the foundation will be on the opposite side of
the tunnel from the explosion. 1In any event, efforts should be made tc
isolate the pulse generated in the rock by the explosion from any inner
tunnel structure. This can be done by preparing a layer of cuarse crushed
stone between footirgs and solid rock. The height to which the foundations
can conveniently extend around the periphery without beilug in line with the
explosion depends un the possible penetration depths that might teke -‘ace.
Under certain conditions, such as in a mountain side, an explosion could
occur below the floor level of the tununel. YHaviug the foundaticn isoleted
from direct strikes of the explosive pulse may not alwsys be possible.
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